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Abstract 
The Selective Laser Sintering (SLS) process is a widely established Rapid 
Manufacturing technology that offers various possibilities not available from other 
production techniques. The application of SLS in the creation of products such as 
shoe outsoles has led to a requirement for compression property data and an 
understanding of the factors that influence it. 
This research investigated the effect of sintering temperature on the compression 
modulus and strength of SLS nylon-12 parts. Three parameters were used to vary the 
sintering temperature. These were laser power, part heater set point and powder bed 
location. An increase in laser power or part heater set point led to an increase sintering 
temperature. The higher temperature areas within the powder bed also led to higher 
sintering temperatures. Consequently, this caused an increase in compression 
properties. A statistical analysis showed that laser power and part heater set point had 
a statistically significant effect on compression properties. They both had over a 95% 
probability of influencing compression properties. With less than a 95% chance, the 
effect of bed location on compression properties was considered statistically 
insignificant. 
The variations in temperature also led to changes in crystallinity and density. An 
increase in temperature caused a decrease in crystallinity. In contrast density was 
increased as temperature increased. Except for parts built at various bed locations, 
there was over a 95% certainty that temperature caused differences in crystallinity and 
density. However, there was a less than 95% probability that crystallinity and density 
influenced compression properties. Hence, they had no statistically significant effect 
on compression modulus and strength. 
This work has added to the knowledge base of SLS nylon-12 within the specified 
boundaries of this research. Users of this technology who consider compression 
modulus and strength to be of importance can focus their efforts on optimising 
sintering temperature. This has been shown to have a greater statistical impact on 
compression properties compared to crystallinity and density. 
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Glossiýry 
Anisotropy The opposite of isotropy, and is the property of being directionally 
dependent. 
Beckmann The Beckmann rearrangement, named after the German chemist Ernst 
rearrangement Otto Beckmann (1853-1923), is an acid-catalyzed rearrangement of 
an oxime to an amide through the addition of an acid. 
Buckling A failure mode characterised by a sudden failure of a structural 
member that is subjected to high compressive stresses where the actual 
compressive stresses at failure are smaller than the ultimate 
compressive stresses that the material is capable of withstanding. 
Continuous A laser that radiates uninterrupted coherent light. 
wave laser 
Covalent Covalent bonding is a form of chemical bonding characterised by 
bonds the sharing of one or more pairs of electrons between atoms, in order to 
produce a mutual attraction which holds the resultant molecule 
together. 
Diffusion The process of diffusing; the intermingling of molecules in gases and 
liquids as a result of random thermal agitation. 
Dislocation A line imperfection in the lattice of a crystalline material. 
Ductile A material that permanently deforms, once beyond its elastic limit, 
material before eventual fracture. 
Equilibration Equilibration refers to the relaxation of molecular structure and 
material properties within the bulk of sintered particles. 
x 
Eutectic The lowest temperature at which a mix of two materials will melt. 
Lattice A collection of points that divide space into smaller equally sized 
segments. 
Plastic flow (1) A fluid movement that is proportional to the pressure in excess of a 
certain minimum pressure (yield value) to begin the flow. (2) 
Deformation under the action of a sustained force. (3) Flow of semi- 
solids in the moulding of plastics. 
Polymer An undesirable change in the properties - tensile strength, colour, 
degradation shape, etc - of a polymer or polymer based product under the influence 
of one or more environmental factors such as heat, light or chemicals. 
Polymer- A chemical reaction in which the molecules of a simple substance 
isation (monomer) are linked together to form large molecules whose 
molecular weight is a multiple of that of the monomer. 
Sprue The feed opening provided in injection moulding between the nozzle 
and cavity. 
Surface The elastic-like force in a body, especially a liquid, tending, to 
tension minimize, or constrict, the area of the surface. 
Twin A twin boundary occurs when two crystals of the same type intergrow, 
boundary so that only a slight misorientation exists between them. 
Viscosity The thickness or resistance to flow of a liquid, which generally 
decreases as temperature increases. 
Work This is when a material becomes softer and weaker as it plastically 
softening deforms, due to molecular dislocations. 
xi 
1 Introduction 
1.1 Background 
A Department of Trade and Industry (DTI) funded project between Loughborough 
University's Rapid Manufacturing Research Group and Prior 2 Lever in 2003, 
successfully established Rapid Manufacturing as a viable way of producing outsoles 
for bespoke football boots. This led to a one year project (April 2004 - March 2005) 
titled 'Achieving varied mechanical response in laser sintered products using. football 
boots as an example' which was funded by the Innovative Manufacturing and 
Construction Research Centre (IMCRC) at Loughborough University. 
Figure 1.1: The Assassin football boot 
Using various designs, the deformation of football boot outsoles was varied to achieve 
a desired response with Selective Laser Sintered nylon-12. The outcome of this 
project subsequently led to the public launch of a bespoke football boot in April 2006 
called the 'Assassin' (Figure 1.1), which has its outsole manufactured using SLS. This 
offers a football player the opportunity to have a pair of boots designed and 
manufactured specifically for their feet, incorporating any recommendations made by 
a podiatrist to improve the well being of the player. 
The success of this second project led to the commencement of an 18 month project 
(April 2005 - October 2006) titled 'Investigating the use qf complex structured AS 
I 
Nylon parts for running shoes', which was again funded by the IMCRC at 
Loughborough University. The major outcome of this project was the observation that 
flexural, and compression loads acted on a running shoe outsole. These loads can vary 
depending on the activity being undertaken. Unlike flexural properties, there was little 
information about compression deformation of SLS nylon-12. Hence, over the course 
of both IMCRC funded projects the need to understand the deformation of SLS nylon- 
12 under compression load emerged. 
1.2 Thesis plan 
This thesis has been divided into two major areas following the literature review. 
These are the initial and core research areas as shown in Figure 1.2. The literature 
review establishes background knowledge of Rapid Manufacturing, SLS and the 
effect of the SLS process parameters on material properties. It discuses sintering and 
the mechanical characterisation of sintered parts, conventional manufacturing 
processes such as casting and injection moulding, and the characteristics and analysis 
of polymers. 
The initial research covered in Chapter 6 and Chapter 7 was conducted to investigate 
the effect of laser power on compression properties, crystallinity and density. Chapter 
8 and Chapter 9 discuss the core research of this thesis, within which the role of 
sintering temperature on compression properties, crystallinity and density was 
investigated. 
It is hoped that this knowledge will be used to help the development of nylon-12 
products for compression applications including outsoles for footwear, personal 
protective equipment and helmets. 
2 
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Figure 1.2: Schematic of the thesis plan 
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2 Rapid Manufacturing and Selective Laser 
Sintering 
2.1 Introduction 
From very basic roots, manufacturing processes have become increasingly 
sophisticated. Rapid Manufacturing (RM) processes such as SLS aim to offer great 
flexibility in respect to product design by creating 3D objects using 2D layers. 
The benefits of Rapid Manufacturing are presented in this chapter, along with typical 
areas of application. As SLS is the subject of this investigation, it is presented in 
depth, with discussions of the factors which influence the material properties of 
typical polymer parts. Previously published research investigating the compression 
properties of SLS parts is discussed in depth. 
2.2 Rapid Manufacturing 
Conventional manufacturing processes such as casting and injection moulding are 
unable to produce components with very complex geometry such as lattice structures, 
thus hindering the design freedom offered by the ever increasing sophistication of 
CAD packages. Rapid Manufacturing denotes a family of processes capable of 
reducing the design restrictions placed by conventional manufacturing techniques. It 
is an evolution of the Rapid Prototyping (RP) processes, where a 3D CAD model is 
usually converted into a stl file before it is sent to the selected RP machine to be 
produced. When the part is completed, it undergoes any relevant post processing 
application before the finished product is revealed. 
Modem day RP began in 1987 with the first commercially available Stereolitography 
(SL) machine from 3P Systems (Wohlers 2006), however RP encompasses several 
technologies including Selective Laser Sintering, Fused Deposition Modelling (FDM) 
and 3D Printing (3DP), which do not require conventional tooling (Chua et aL 2003). 
These are known as additive or layer manufacturing processes however, it is not the 
4 
aim of this thesis to discuss the various RP processes of which a detailed list along 
with their advantages and disadvantages has been complied by various authors 
(Grimm 2004; Upcraft and Fletcher 2003). 
Rapid Prototyping is a digital tool which is primarily used to produce prototypes, 
Whilst RM is a group of processes used for the production of end-use parts using RP 
machines. As a result, RM has inherited all the limitations of the RP process which 
include a lack of dimensional accuracy, generous tolerances, poor surface finish (Shen 
et aL 2000; Volpato et aL 2000), machine size constraints, limited material types, high 
material cost and high machine cost. The build time of large components is slow in 
comparison with conventional manufacturing systems (Hopkinson 2000). Hague et al 
(2002; '2003) highlighted some of the potential problems which may arise from RM, 
with the most important being the constraints of manufacturing existing components 
using RM techniques. This would challenge users of RM as components are often 
produced using the most appropriate manufacturing process due to the quality of the 
surface finish, available material, component size, etc. There may also be problems 
with the quality of the stl files. Although most CAD packages will covert standard 
CAD files into stl files, problems can occur as a result of the quality of the stl files. 
RM users would also have to deal with the issue of developing a recognised way of 
recycling large volumes of RM materials, as an expected increase in the number of 
RM users will result in a significant increase in the volume of waste produced. There 
are 'SLS machines which will recycle some of the powder material used however, 
more needs to be done to tackle waste powder or resin unfit for use. 
Despite the limitations set out, RM will benefit from the advantages that RP offers, 
the most important of these being the ability to create highly complex and intricate 
components without any need for tools. This could potentially lead to a new approach 
in product design and eventually reduce the number of parts within an assembly. RM 
would reduce the need for assembly processes by building a multi-component unit as 
singular unit, without any fastening mechanism or by allowing components to be 
redesigned to allow the concatenation of function into a single part. The elimination 
of tools should also lead to significant savings in the time it takes from 'design 
concept to final product', and the cost of producing complex components (Grimm 
2004; Wohlers 2003). 
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RM will also lead to true mass customisation (Hague et al 2002; 2003). True mass 
customisation is the production of goods and services for a large market, which meets 
exactly the needs of each individual customer with regard to certain product 
characteristics (differentiation option), at costs roughly corresponding to those of 
standard mass-produced goods (Piller and MOller 2004). This would enable bespoke 
components to be produced at a price equivalent to their conventionally produced 
counterparts. Furthermore, a combination of RM with 3D digital scanning could lead 
to a broad spectrum of individually tailored products such as helmets, seats and shoes. 
Apart from the advantages outlined above, RM potentially allows for the functional 
grading of materials which is the ability to mix and grade materials in any 
combination, thus enabling materials to be deposited where and as required. This 
could potentially allow for variations in physical properties and characteristics within 
a single component such as in vivo devices (HaKris and Savalani 2006). RM is 
particularly well suited to the production of these devices which include tissue 
scaffolds and implants, due to the ability to control porosity within components. 
Several attempts to produce in vivo devices using SLS have been reported by Savalani 
and Harris (2006) who discussed the various RM techniques which have been used 
for the manufacture of in vivo devices. 
With research and development into the areas of machine and materials further 
unlocking the potential of RM (Hague et aL 2004a; 2004b), it is anticipated that true 
RM systems will become available within the next 5 to 10 years (Griffiths 2002). 
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Already there have been a number of successful RM applications, including the 
following;, 
A SLS housing which was used to hold a variety of instruments, wiring and 
batteries within a hockey puck-sized device. This device was sent to space and 
used for measuring variations in the magnetic fields by NASA (Anonymous 
1999). 
Cooling ducts such as that shown in Tigure 2.1 are made from DuraforMTM 
and used in Formula I race cars by the Renault FI team (Hopkinson et aL 
2006). 
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Figure 2.1: SLS cooling duct used in Renault Formula I cars (Hopkinson et al. 2006) 
9 SLS gold jewellery from Particular AB. By using SLS, the manufacturing 
process was reduced from ten to three steps, and a 'one piece' linked chain 
could be produced (Thorsson L 2006; Wohlers 2006). 
9 SL hearing aids by Siemens and Phonak as shown in Figure 2.2. By reverse 
engineering the external ear anatomy, customised hearing aid units are 
produced using SL. (Caloud et al. 2002; Wohlers 2003). 
9 SLS Nylon-11 air ducts for the F/A-18E/F Super Homet, used to provide 
additional cooling to new avionic systems. The Boeing Company chose to use 
RM due to the space restrictions on the fighter jet and the material property 
requirements (Hopkinson el al. 2006). 
9 SLS bespoke football boots from Prior 2 Lever. These boots offer stiffness and 
flexibility according to recommendations by a podiatrist to suit its wearer 
(Tacke et al. 2006). 
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Figure 2.2: Hearing aid shells 
2.3 Selective Laser Sintering 
SLS is a core RM process that is being widely used within various industrial sectors. 
The first commercial SLS machine became available in 1992 from DTM Corporation 
(now 3D Systems) (Juster 1994). The SLS process as illustrated in Figure 2.3, is a 
powder based system where aC02 laser traces out a layer of a part, causing sintering 
to occur between the power particles. This is followed by the addition of subsequent 
layers of powder, with the laser sintering process being repeated after each layer until 
the part is complete. 
Scanning Mirrors 
The sintered material forms the part while the un-sintered powder remains in place to 
support the structure. The powder is brushed away once the build is completed to 
reveal the finished part (Pham and Gault 1996), after which various surface finishes 
such as painting, bead blasting, infiltration, tumble grinding, etc can be applied to 
improve aesthetic qualities. 
Variations in the SLS process can occur due to the material in use, but the principles 
always remain the same. For example, polymer powders have no binder component 
and no additional steps are required to obtain the finished part after the SLS process is 
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Figure 2.3: Schematic of SLS process (Hopkinson el al. 2006) 
completed. However, variations are made during the process depending on the 
polymer type. For example, with amorphous polymers such as polycarbonate, the 
powder bed is preheated to a temperature just below its glass transition temperature. 
The laser beam delivers the extra power required for sintering to occur at the glass 
transition temperature. 
Semi-crystalline polymers require temperatures higher than the glass transition 
temperature for sintering to occur. In the case of nylon-12, the powder bed is 
preheated to a temperature 12'C below its melting point. Additional heat from the 
infra red laser beam causes sintering to occur above its melting temperature (185'C 
for nylon-12), which in-turn causes the particles and layers to fuse together forming 
the required part. 
Despite SLS of polymers sharing the same benefits with other RM processes, it has 
many advantages over other processes including no post-curing of finished parts 
(Kruth et al. 2003; Upcraft and Fletcher 2003) and components are built without any 
additional supports unlike the SL and FDM processes. 
With some metallic powder materials are a combination of 2 materials such as 
bronze-nickel powder. Here, bronze is a binder component with a low melting point 
and nickel is a structural component with a higher melting point (Figure 2.4). As the 
laser sinters each layer of part, the bronze material becomes molten and flows around 
the nickel, solidifying during cooling (Behrendt and Schellabear 1995; Klocke et al. 
1995; Langer et al. June 1995). 
Figure 2.4: Cross-sectional area of a bronze-nickel part (Ducka et A 2004) 
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There are other metallic powder materials such as stainless steel coated in a 
thermoplastic binder. With this material, the sintered part (referred to as the green 
part) is taken out of the SLS machine when completed and placed in a furnace, where 
the binder is burnt off and the green part is sintered to about 60% density. The part is 
then infiltrated with bronze, resulting in a component consisting of approximately 
60% stainless steel and 40% bronze (Ashley 1995). 
The SLS process has demonstrated that it can be applied to various applications such 
as creating master patterns for casting moulds (Dimov et al. 2001; Kruth et al. 2003; 
Pham et al. 1999), functional test parts which were placed directly onto prototype 
aircraft vehicles (Chua. et al. 2003) and end-use parts for the space lab and shuttles 
(Hopkinson and Dickens 2001). There is optimism that SLS will one day be used for 
high volume production as it has been demonstrated to be cost effective for producing 
14,000 units of a small complex part when compared to injection moulding 
(Hopkinson and Dickens 2003). 
The benefits of SLS show its potential but, there are factors which hinder the 
technology, and these must first be overcome before SLS can become a mainstream 
manufacturing process. These include factors such as size limitations of the build area 
(Hopkinson 2000), 'porous surfaces (Upcraft and Fletcher 2003), poor surface finish, 
the long heat up and cool down of the machine, and errors which occur in converting 
the CAD model to the stl format and then to sliced data (Pham et al. 1999). Machine 
and processing control errors in converting feed material to its finished state, and a 
general understanding of how and why processing parameters affect part properties 
also have the potential to negatively impact the future of the SLS process. 
2.4 Factors influencing material properties of SLS polymer parts 
Over the last few years, material properties of SLS polymer parts have been 
established, and it is hoped that this will lead to improvements in machines. Some of 
the key factors which determine the material properties of SLS polymers include part 
location, orientation, energy density, part density and morphology. These are 
discussed in detail below; 
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2.4.1 Part location 
The location of a part on the powder bed of a SLS machine has previously been 
shown to affect the mechanical properties obtained. Research at Leeds University 
(Childs and Tontowi 2001; Tontowi and Childs 2001), using a nylon-12 crystalline 
polymer powder, showed variations in part properties across the powder bed. 
Rectangular blocks were built at 9 locations using 4 energy density values (0.0085 
j/MM2,0.0141 j/MM2,0.0204 J/mm 2 and 0.0284 j/MM2 ), and their densities were 
measured. The results obtained highlighted differences in densities which were 
attributed to the locations of the parts within the bed. One block in particular that was 
closest to the edge of the powder bed, showed significantly lower density as shown in 
Figure 2.5. 
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Figure 2.5: Block position and density measurements at various energy densities (Tontowi and 
Childs 2001) 
Saleh (2003) conducted tensile and impact mechanical tests on SLS nylon-12 parts 
which showed variations across 30 different areas on the powder bed, with the highest 
mechanical properties observed from parts built in the centre of the powder bed, and 
the lowest mechanical properties from parts built along the edges and in the comers of 
the powder bed. Although this was attributed to the inhomogeneous temperature 
distribution across the surface of the powder bed, the temperature distribution was 
never measured. 
DeGrange (2004) also demonstrated that temperature variations across the power bed 
ultimately led to the differences between parts built in various build locations. This 
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was achieved by comparing a temperature profile of the powder bed (Figure 2.6) with 
the tensile strength of SLS nylon-12 parts acquired from various build locations. The 
temperature profile was non-symmetrical but overall the higher temperature regions 
(-161'C) were away from the comers, slightly to the right of the bed centre. This 
corresponded with the maximum tensile strength properties achieved. The low 
temperature regions (-155'C) which were located at the comers matched up with the 
minimum tensile strength properties achieved. 
Figure 2.6: Temperature profile across powder bed (DeGrange 2004) 
2.4.2 Part orientation 
Test parts which are built in the SLS machine are generally placed in one of 3 build 
orientations which are the x-axis, y-axis and z-axis orientations. Parts are considered 
to be in the x-axis orientation when the greatest length of the part is parallel to the 
laser beam scan direction, while the y-axis orientated parts are assumed as those 
placed perpendicular to the laser beam scan direction as illustrated in Figure 2.7. The 
z-axis orientated parts are considered as those placed in the direction of layer build 
within the powder bed, and this also illustrated in Figure 2.7. 
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Figure 2.7: Orientations of a part within the powder bed 
Part orientation plays a vital role in the properties of SLS parts with the x-axis and 
axis orientated parts showing improved tensile strength and elongation than those 
built in the z-axis orientation (Gomet 2006). 
Investigations by Gibson and Shi (1997) showed that mechanical properties, which 
are dependent on part orientation, are highest in the x-axis orientation and lowest in 
the z-axis orientation. These authors established this by building various test parts in 
different orientations similar to that shown in Figure 2.7, and linked this to the results 
obtained from the mechanical tests. 
The effect of part orientation has also been investigated by other authors, such as 
Hague et al. (2004a), who observed the highest tensile modulus and strength from 
SLS nylon-12 parts built in the x-axis orientation at 2047MPa and 48.7MPa 
respectively. This was closely followed by the y-axis orientated parts which showed a 
modulus of 1944MPa and strength of 44.7MPa. The z-axis orientation showed the 
lowest tensile modulus and strength results at 1817MPa and 40.9MPa respectively. 
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Moeskops el al. (2004) built SLS nylon-12 tensile test parts in the x-axis, y-axis and 
z-axis directions, with 2 variations in part orientation for the test parts. The test parts 
were produced in a total of 6 orientations in the XY, XZ, YX, YZ, ZX and ZY 
orientations as shown in Figure 2.8. 
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Figure 2.8: Build orientations used by Moeskops et al (Moeskops el at 2004) 
The results obtained showed little variation between the XY, XZ, YX, and YZ 
orientated test parts, with the maximum stress ranging between 46 - 49MPa. The ZX 
and ZY orientated test parts showed maximum stressed which ranged from 38 - 
41MPa. Overall, the results indicated that there are mechanical property differences 
between the z-axis orientated test parts and those orientated in the x and y axes. 
2.4.3 Energy density 
Energy density is an important factor which influences laser sintering. The energy 
density, is a function of the fill scan power laser power, fill scan spacing SS and the 
laser beam speed BS, and can be determined using Equation 2.1; 
Energy density = 
LP 
J/mm 
SSxBS 
Equation (2.1) 
An alternative means of determining the energy density was presented by Kruth et al. 
(2005) using Equation 2.2, where LT is the powder layer thickness and HS is the hatch 
spacing. 
Energy density LP j/MM 2 Equation (2.2) 
LTxHSxBS 
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There is evidence which shows that varying the energy density will cause variations 
in material density (Childs and Tontowi 2001; Tontowi and Childs 2001) and tensile 
strength (Gibson and Shi 1997). This is supported with research conducted by Ho et 
al. (1999; 2003) who carried out extensive work investigating the effect of energy 
density on polycarbonate powder. By increasing the energy density levels, the density 
and strength of the polymer material also increased until a maximum was achieved. A 
further rise in energy density led to a reduction in material properties, increase in 
porosity and surface degradation of the polycarbonate parts. The authors believed this 
was due to polymer degradation as a result of the high energy density levels. Caulfield 
et al. (2007) supported this theory for a laser power range of 6 to 21 W, demonstrating 
that the part properties of SLS nylon-12 begin to fall at a laser power of 18W 
(0.02362 J/mm') as shown in Figure 2.9. 
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Figure 2.9: Effect of energy density on young's modulus (Caulfield ef al. 2007) 
Gill and Hon (2004) used a factorial analysis procedure to vary the parameters of the 
energy density as shown in Equation 2.1, and concluded that in order to achieve 
increased tensile strength a combination of increasing SS with increasing laser power 
or decreasing BS was required. 
2.4.4 Part density 
Like any other conventionally manufactured component, density has a major 
influence on mechanical properties. In fact, the engineers at Northrop Grumman who 
actively use SLS for the production of aerospace parts regard the part density as such 
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an important characteristic that it is now used as a means of quality control for all SLS 
parts (Hopkinson el al. 2006). 
In SLS, density is dependent on factors such as laser power, scan spacing and powder 
bed temperature (Gibson and Shi 1997; Tontowi and Childs 2001), and it will 
influence the modulus and strength of SLS parts as demonstrated by Childs et al. 
(1999) who conducted 4-point bend tests on flexural test parts built at different energy 
densities. The results obtained showed increasing flexural modulus and strength with 
increasing density as shown in Figure 2.10. 
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Figure 2.10: Increasing (a) modulus and (b) strength with density (Childs et al 1999) 
Griesbach (2005) presented research findings to suggest that the density of a SLS 
nylon-12 part is greatest when built in the centre of the powder bed compared to its 
edges and comers, as shown in Figure 2.11. He suggested that this was due to a higher 
and more even temperature distribution, within the centre of the powder bed, unlike 
its edges and comers which had a lower and varying temperature. 
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Figure 2.11: Variation in density with part location (Griesbach 2005) 
2.4.5 Powder morphology 
The morphology of powder materials can also affect the material properties of SLS 
parts, and this understanding has led to the conclusion that semi-crystalline polymers 
are best suited to SLS when compared with amorphous polymers, due to their tighter 
melting range (Gornet 2006). 
Zarringhalarn et aL (2006) investigated the relationship between the miCrostructure 
and mechanical properties in SLS nylon-12 parts. The test parts used for this research 
were produced using an EOS P380 machine and a 3D Systems Vanguard machine. 
The machine parameters can be set up to manufacture parts that have high mechanical 
properties with low geometric accuracy or high geometric accuracy with low 
mechanical properties. In creating a part on a SLS machine, a compromise was made 
between the mechanical properties and geometric accuracy of the part. The EOS P380 
machine was set up to build parts with high mechanical properties while the 3D 
Systems Vanguard machine was set up to produce parts with high geometric 
accuracy. A differential scanning calorimetry (DSC) analysis showed that the EOS 
P380 produced test parts with a melt temperature PC higher than the 3D Systems 
Vanguard, and showed fewer unmolten particle cores when microtome slices were 
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placed under polarised optical microscopy. A higher melt temperature and the 
presence of fewer particle cores were shown to result in higher mechanical properties. 
Zarringhalarn (2007) went on to develop a method to quantify the degree of particle 
melt in SLS nylon-12 parts. He achieved this by varying the scan spacing, fill scan 
count, part heater set point and laser power parameters on the SLS machine, in order 
to obtain parts built at different energy densities. He then measured the degree of 
crystallinity within each part and compared them to the degree of crystallinity of the 
unsintered nylon-12 powder, from which he observed that the degree of crystallinity 
reduced with increasing energy density. This corresponded to optical microscopy 
images showing a reduction in unmolten particle cores within the SLS parts as the 
energy density increased. Zarringhalam. referred to this finding as the degree of 
particle melt (DPM). This is schematically presented in Figure 2.12. 
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Figure 2.12: Unmolten cores and crystallinity due to energy density (Zarringhalam 2007) 
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Figure 2.12 shows four bar charts representing the composition of four SLS nylon-12 
specimens. Each specimen has a different ratio of un-melted particle core to melted 
and crystallised material (MCM) phase volume. The y-axes correspond to the volume 
fraction of each phase. The x-axes correspond to the percentage crystallinity of each 
phase. From Figure 2.12, the core phase has a crystallinity of 47% while the MCM 
phase has a crystallinity of 25%. In order to determine the total percentage 
crystallinity, the volume fraction of each phase is multiplied by the percentage 
crystallinity of each phase and added. The microstructure associated with each bar 
chart is schematically ill4strated above each one. This shows the core size decreasing 
due to the increasing DPM. For example 100% core represents unsintered powder, but 
when sintering is introduced, this leads to the development of MCM (66.6% core). As 
the degree of sintering is increased, the core is reduced while the MCM is increased 
and consequently the overall crystallinity is reduced. 
2.5 Past research into compression properties of SLS parts 
An extensive literature search was conducted to identify published research about the 
compression properties of SLS parts, however only two published research works 
discussing the compression properties of SLS parts were found. 
The first was by the authors Srithongchai et aL (2003) who determined the average 
compression modulus of SLS nylon-12 to be 1297MPa from a sample of 4 
compression test parts. The test parts were built using a DTM Laser Sintersation 2500 
machine, with the build layer thickness of O. Imm while the scan speed and bed 
temperatures were set at the manufacturer's recommended values. The compression 
test parts were machined from tensile test parts built in the centre of the powder bed, 
with 2 test parts placed parallel to the laser beam scanning direction while 2 more test 
parts were placed perpendicularly. The compression test parts were machined from 
tensile test parts in order to avoid premature buckling. Srithongchai el al. (2003) 
believed that the compression modulus should be less than the value they measured 
which was close to the flexural modulus value given by the manufacturers. 
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The second published research was by' Dalgarno and Goodridge (2004) who studied 
the compressive response of various sintered metallic powder materials. This 
published research although important, is not as relevant to this thesis as the work by 
Srithongchai et aL (2003), because it focuses on metal powders, thus highlighting the 
lack of available information on the compression properties of SLS nylon- 12 parts. 
The results from the literature review showed that there is little information about the 
compression properties of SLS nylon-12 parts, which makes this thesis novel and 
important. The research conducted is part of an essential body of work that will 
enable the application of SLS is to expand to the manufacture of outsoles for shoes, 
and potentially enable it to be applied to other products. 
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3 Sintering and mechanical characterisation of 
sintered parts 
3.1 Introduction 
Sintering is one of the oldest human technologies originating from the prehistoric era 
with the firing of pottery, but it was only after the 1940s that the scientific study of 
sintering began (Kang 2005). Since then, remarkable developments in sintering 
science have led to the creation of several sintering processes, including the SLS 
process discussed in Section 2.3. 
The sintering process aims to produce parts with reproducible and designed 
microstructure through the control of variables including grain size, temperature, 
atmosphere, process cycle, etc (Kang 2005). In today's manufacturing industry, one 
of the key benefits and driving forces behind sintering technology is the ability to 
fabricate sintered parts from a wide range of materials such as metals, ceramics and 
polymers. 
A comprehension of sintering science will provide further background knowledge into 
how SLS works; hence the process of sintering is presented in this chapter, along with 
various liquid phase sintering theories and the mechanical characteristics of sintered 
parts. 
3.2 Sintering 
Sintering has been defined as the formation of a homogeneous melt from the bonding 
of particles which can be considered a two stage mechanism, involving powder 
sintering and pore removal (Greco and Maffezzoli 2003). It is also described as the 
growth of 'necks' (Figure 3.1) between individual particles due to the diffusion of 
atoms along the surface, grain boundaries or other paths at elevated temperature, and 
the equilibration of material properties within those necks (Agarwala et aL 1995a; 
Mazur 1995). 
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Figure 3.1: Neck formation due to sintering (German 1994) 
Generally, key sintering techniques can be grouped into 2 categories, pressureless or 
pressure-assisted as shown in Figure 3.2. Pressureless sintering techniques such as 
SLS, require no external pressure during the sintering process while pressure-assisted 
sintering techniques involve sintering a material to a low residual porosity level, and 
then using pressure to squeeze out the remaining pores (German 1996). Based on 
Figure 3.2, the SLS process can be specifically classed as a 'liquid phase - persistent 
liquid- mixed phase' sintering technique, which is the focus of this thesis. 
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Figure 3.2: Overview of sintering techniques (German 1996) 
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When sintering occurs at a temperature where a liquid and solid coexist due to 
chemical reactions, partial melting or eutectic liquid formation, it is referred to, as 
liquid phase sintering (German 1996). The persistent liquid phase exist throughout the 
high temperature portion of the sintering cycle, and is fonned by inducing melting in 
the powder material (German 1996). The sintering temperature generates the liquid 
. P-- from the powder compact and prevails during the entire sintering cycle. 
3.3 Liquid phase sintering theories 
The driving force behind liquid phase sintering is surface tension, which is the force 
within a body that minimises the surface area when 2 or more bodies come together. 
During liquid phase sintering, a reduction in surface tension causes 2 particles to fuse 
into one due to shape relaxation. The viscous forces must be overcome in order to 
allow powder sintering to occur. The characteristic time for shape relaxation is 
governed by the competition between surface tension and viscous dissipation (Philip 
et aL 2000) and this is given by the equation; 
Oc ? 7rY (Equation 3-1) 
T is the shape relaxation time, q is the viscosity, r is the radius of paTticle and y is r 
the surface tension. 
Over the years there have been various theories Put forward explaining the science of 
sintering. In 1945, Frenkel stated that the rate of sintering must be equal to the rate of 
pore removal (Frenkel 1945; Nelson et aL 1993). He believed that sintering was due 
to the viscous flow induced by surface tension, and presented a model (Figure 3-3) 
and expression (Equation 3.2) for the rate of growth of a neck between crystalline 
spheres during viscous sintering. 
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3yt 
2MO 
(Equation 3.2) 
x is half the thickness of the neck formed between adjacent particles of radius r, t is 
the time needed for sintering, v is the surface tension, and q,, is the melt viscosity. 
Frenkel developed his theory for crystalline particles, where high temperature and a 
change in the crystal shape are the catalyst for sintering. Due to an increase in 
temperature, there is increased surface contact between adjacent particles which leads 
to volume viscous flow between the particles and a disconnection of pores. Although 
this theory has been proven to be valid for only the initial stages of sintering, it can be 
assumed that when x1r = 0.5, the sintering between 2 particles is completed 
(Rosenzweig and Narkis 1981). 
In 1949, Mackenzie and Shuttleworth proposed that increased density in sintering is 
achieved by volume flow, plastic flow and pore minimization (Mackenzie and 
Shuttleworth 1949). Using Frenkel's equation (Equation 3.2), they calculated the rate 
of densification for a viscous body containing closed spherical pores and believed that 
diffusion cannot change density but it can move matter over short distances, changing 
the shape of pores. In order to achieve increased density p, the relative density, -L A 
must be greater than 0.94. p, is the theoretical density of the solid phase and when 
p 
.50.94, the rate of densification decreases to zero, but when -L > 0.94, AA 
densification will continue and eventually reach unit relative density in a finite time. 
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Figure 3.3: Frenkel sintering nýodel 
Mackenzie and Shuttleworth developed a model based on their theory of densification 
which is shown in Equation 3.3; 
dp=_ K 47c 
1/3(ps 
_1)2/3 
dt 2Tl,, 
(3)p 
(Equation 3.3) 
K is the capillary constant determined by Equation 3.4 ývhere n is the number of pores 
per unit volume of solid. This theory is valid for the latter stages of sintering, when 
full densification is required (Bugeda et aL 1999). 
pY3 (Equation 3.4) 
Scherer suggested that Frenkel's theory could be applied to a model for densification 
of viscous glass with open pores and non-spherical particles (Scherer 1977a, 1977b, 
1977c, 1986). Scherer assumed that the surface energy reduction of the sintering 
powder drives the process through viscous mass flow dissipation. He also assumed 
that a glass powder compact consisting of an open pore network of cylinders, 
arranged cubically with the cylinder radius a, corresponded to the particle radius and 
the cylinder length 1, which are proportional to the pore radius in the intermediate 
sintering stage. He validated his theory by stacking up 'unit cells' of the assumed 
structure in order to obtain a cylindrical array (Figure 3.4). 
Cylindri 
array 
U 
Figure 3.4: Scherer's model (Scherer 1977) 
Unit cell 
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Scherer assumed that the model developed by Frenkel was valid for 
P :50.94, when 
A 
a// = 0.5, because at this point the neighbouring cylinders touch and the cell contains a 
closed pore density. In order to achieve greater density, the structure could no longer 
be considered an array of cylinders and it would be appropriate to apply the model 
developed by Mackenzie and Shuttleworth, which is valid for 10 > 0.94. This A 
assumption subsequently led him to develop a model using a free strain term hf p 
shown in Equation 3.5 for -L < 0.94; A 
K (3n)"3 2- 3cx 
ef = 
il. 6 'Vx (I - cxý 
(Equation 3.5) 
Where the constant c is 
! ýE2 
. and x is the cylinder aspect ratio. 
This model verifies 
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that the rate of sintering is proportional to the surface tension and inversely 
proportional to particle size and melt viscosity (Nelson et aL 1993). 
One of the most recent theories on sintering, specifically for SLS, was developed by 
Sun et al. (1991) at The University. of Texas in Austin, and this was also based upon 
Frenkel's theory. Experiments conducted by Sun et al showed that sintering stops 
even before the pore channels close, therefore there must be some portion of particles 
that do not sinter with the others, and as the part density increases, the surface area of 
these particles also increases, with the surface tension acting as a resistant force to 
densification. Sun et al developed a model using a cubic unit cell packed structure to 
represent the structure of a randomly packed powder bed filled with spherical 
particles as shown in Figure 3.5. 
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Figure 3.5: Sun et al's theory using a cubic structure (Sun el aL 1991) 
Each spherical particle is of initial radius a, and contained within a cube of dimension 
2x. During sintering the cube dimension of 2x decreases while the sphere radius a 
increases to maintain constancy of volume. A separation of the pore occurs when 
r= N/-2x, with x=0.815a, subsequently leading to a sintering rate equation for the 
range . 0.8156a<x<a. During this period, the sintering rate i is given by; 
7rya 22 
r- (I - 4)x +x-+1V -9L-6-1 61, x 
311 3) J18rx-12r 2 
(Equation 3.6) 
Where ý is referred to as the fraction of sintering or fraction of sintered particles. ý is 
a number between 0 and I which is associated with the probability of formation of 
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necks between particles, and is a function of the relative density. For small values of 
ý less than 0.3, the parameter is proportional to the relative density according to ý ; ý- 
(2p-1)13. The experiments conducted by Sun et al proved that the rate of densification 
increases with high surface tension or high fraction of sintering, but decreases with 
high viscosity or high particle size. 
3.4 Mechanical characterisation of sintered parts 
Sintering can result in parts displaying unique mechanical characteristics which are 
not found in those produced by conventional manufacturing processes. Some of these 
characteristics, especially porosity, are dependent on various parameters of sintering 
and affect the properties of sintered parts obtained. 
3.4.1 Porosity 
The occurrence of pores is an inherent property of SLS parts and it often has a definite 
shape as shown in Figure 3.6 which depicts a cross-section of a SLS nylon-12 part. 
The pores appear to be elongated and parallel to the powder layers. The pore sizes are 
varied and difficult to predict. 
Figure 3.6: Cross-section of Selective Laser Sintered nylon-12 part 
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The formation of pores is as a result of the neck growth between particles, and this is 
dependent on the temperature within the part. Thus, higher temperatures yield greater 
neck growth between particles while lower temperatures result in a slower rate of 
neck growth. Pores can be open or closed within component structures and the size, 
volume and shape of the pores change over the course of sintering as illustrated in 
Figure 3.7; 
-**x 
,. Z 
initial intermediate final 
stage stage stage 
r- pore 
--- grain --- boundary 
Figure 3.7: Pore formation during sintering (German 1994) 
An open pore is one partially surrounded by the melted material while a closed pore is 
completely enclosed by the melted material. Porosity e, is a measure of the total 
volume of pores, and it can be expressed as a percentage of the total nonsolid volume 
to the total volume of a unit quantity of material using Equation 3.7, where p, is the 
theoretical density of the solid phase and p is the sintered density. 
c= 1--e- xloo% PS 
(Equation 3.7) 
Porosity has been found to have a major influence on the mechanical properties of 
sintered parts, such as modulus and strength, and varying the degree of porosity can 
lead to variations within these properties (Haynes 198 1). 
3.4.2 Modulus 
The modulus of a sintered part is dependent on the degree of porosity within it. This 
was first observed by McAdam (1951) who assessed the porosity of various iron- 
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point 
contact 
based alloy powders which had been pressed and sintered, and plotted the porosity 
results obtained against their respective flexural modulus values, as shown in Figure 
3.8. 
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Figure 3.8: Relation between modulus and fractional porosity (McAdam 1951) 
From the results obtained by McAdam, the following equation was derived; 
E=E. (l - F, )y (Equation 3.8) 
E is the modulus of the sintered material, E,, is the modulus of the full density 
material, e is the fractional density and Y is the sensitivity to pore structure. The 
range for Y was reported to be in a region between 0.3 - 4, dependent on the material 
(German 1994,1996). 
By substituting Equation 3.8 with Equation 3.7, a density based equation is derived 
(German 1994,1996); 
E=E P 
PS 
(Equation 3.9) 
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Where P is the fractional density, with p, as the theoretical density of the solid 
ps 
phase and p is the sintered density. 
3.4.3 Strength 
Pores reduce the cross-sectional area of a sintered part, and can affect its strength 
properties. Balshin (1949) first observed the effect of porosity on part strength by 
compressibn testing specimens made from electrolytic copper and assessing its 
property dependence on density. Following the data obtained by Balshin, he deduced 
a curve of the equation; 
a= Kcro (Equation 3.10) 
a is the strength of the sifitered material, (;,, is the full density strength of the same 
material and m is a constant dependent on the pore structure. K is a stress 
concentration factor which ranges from 3 to 6 and is dependent on the material 
(German 1994,1996). Balshin applied Equation 3.10 to data collected by several 
authors and found a close agreement with their respective experimental data. Equation 
3.10 is generally applied to yield strength, tensile strength and 3- or 4-point bend 
strength determination (Bourell 2006). 
Agarwala et aL (1993; 1995b) and Ajoku et aL (2006a) conducted experiments based 
on Equation 3.10, that showed increased density results with a corresponding increase 
in mechanical strength for metal and polymer powders respectively. The results are 
shown in Figure 3.9, from which cr, K and m were all derived from Equation 3.10. 
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Figure 3.9: Compression strength as a function of fractional density (Ajoku el A 2006a) 
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4 Casting and injection moulding processes 
4.1 Introduction 
From Section 3.2, SLS was established as a pressureless technique for rapid 
manufacture. In this chapter, SLS will be compared with two traditional 
manufacturing methods, casting and injection moulding. The first of these, casting, is 
a pressureless technique while the second, injection moulding, uses high pressure. As 
a pressureless process, parts made from casting may have similar material property 
characteristics to SLS produced parts, while injection moulded components would 
probably be different, as it is a process reliant on pressure. 
This chapter offers provides an understanding of the casting and injection moulding 
techniques which have been used to produce test parts for comparison with SLS 
manufactured parts in Chapter 7. 
4.2 Casting 
Casting is the formation of an object by the flow of a material in liquid state, under 
the influence of gravity into a mould where it solidifies. Casting is one of the oldest 
manufacturing technologies, dating back to 4000 B. C. (Groover 2007). Initially clay 
moulds were used to cast metals for useful objects such as axe heads and precious 
metals for jewellery. During the Dark Ages (circa 400 to 1400 A. D. ), the casting 
process thrived with the fabrication of bells to be used in newly 'constructed 
cathedrals. The industrial revolution led to the casting process being established as a 
leading manufa6turing process that continues to be applied to a range of items from 
small household components to large machinery parts (Groover 2007). The longevity 
and success of casting as a production technique can be attributed to its versatility, 
allowing it to be used for processing many materials including polymers, when heated 
to a liquid state. Parts produced using the casting process are created without prdssure 
in open or closed moulds (Figure 4.1), and the material must be in a liquid state 
(Michaeli 1995). 
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Figure 4.1: Two forms of mould: (a) open mould (b) closed mould (Groover 2007) 
Once the molten material is in the mould, it is allowed to cool with or without 
external assistance to form the part over time as illustrated in Figure 4.2. The chilling 
action of the mould wall causes the formation of an initial thin skin of material, which 
increases in thickness to form a shell around the liquid material as solidification 
progresses inward, towards the centre of the cavity. The rate at which solidification 
progresses depends on the heat transfer between the mould and the material, and 
within the material. 
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Figure 4.2: Cooling curve for a typical material during casting (Groover 2007) 
Casting can be used to create complex part geometries, including external and internal 
shapes, and some casting processes are capable of producing parts to 4net shape', 
which require no ftirther manufacturing operations to achieve the desired geometry 
(Groover 2007). If the part is 'near net shape' due to the casting process, additional 
Cast metal in cavity 
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shape processing such as machining may be required. Casting moulds do not need to 
be as robust as those for injection moulding. This makes the process a relatively 
inexpensive one. Casting can produce parts which are homogeneous and isotopic in 
structure as they do not generally depend on the material input direction. However, in 
some cases parts can be anisotropic e. g. turbine blades, which are directionally 
solidified during the process (Kalpakjian and Schmid 2001). It is more economic to 
use the casting process for the production of parts in small quantities (Michaeli 1995). 
There is a risk of air bubbles becoming trapped in the part during the casting process 
due to an increase in material viscosity as the material temperature reduces. This 
makes it difficult for any trapped air bubbles to escape. With very thick walled parts, 
cooling can be much longer than thin walled parts. If the process of heat removal is 
inadequate, there can be excessive heating within the moulded part which can lead to 
cracking when the part is removed, due to rapid cooling (Michaeli 1995). 
The occurrence of shrinkage is common in casting, developing over various stages 
during the process. These stages of shrinkage are illustrated in Figure 4.3. 
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Figure 4.3: Stages of shrinkage (Groover 2007) 
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After the liquid material is poured into the mould it is allowed to cool, commencing 
the solidification process as previously stated and illustrated in Figure 4.3 (a). The 
occurrence of liquid contraction due to the temperature difference between the mould 
and material, causes a reduction in height of the liquid from its starting level (Figure 
4.3 (b)). Solidification shrinkage occurs once the material has 'solidified, further 
reducing the height of the casting as illustrated in Figure 4.3 (c). At this point, the 
amount of liquid material available to feed the centre of the cast becomes restricted 
and as this is usually the last area to solidify, the absence of liquid material can create 
a void at this location. Once solidified, the casting experiences further shrinkage in 
size (Figure 4.3 (d)) which is dependent *on the material's coefficient of thermal 
expansion. 
There are a number of casting techniques currently available, but for the purpose of 
this thesis only the powder sintering casting technique for thermoplastic polymers is 
discussed. 
4.2.1 Casting using powder sintering 
In conventional casting of polymers, a mixture of the materials are heated up to form 
a resin that is poured into a mould (Kalpakjian and Schmid 2001), after which the part 
is allowed to solidify at either room temperature or elevated temperature (Rosato 
1997). 
With thermoplastic polymers, powder sintering can be used to produce cast parts by 
filling the mould cavity completely with powder and then placing the mould in an 
oven (Figure 4.4). Once the powder within the vicinity of the cavity surface begins to 
melt, the un-melted powder is removed and the mould is heated up again, in order to 
smooth the inner surface of the moulded part. This form'of casting is used for the 
production of large hollow bodies, when the quantity of parts to be produced is too 
low to justify blow or injection moulding (Michaeli 1995). 
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Figure 4.4: Casting using powder sintering (Michaeli 1995) 
4.3 Injection moulding 
Injection moulding is a process where molten polymer is forced into a fabricated 
mould cavity and held under pressure until it can be removed in a solid state (Rosato 
et al. 2001). The injection moulding process was first attempted in the late I 91h 
century using a modified die casting machine (Belofsky 1995). This attempt failed 
due to the flammable nature of the celluloid material that was used, however a 
hydraulic injection moulding machine using a celluloid material was designed by 
Hyatt in the late I 9th century and a patent for this was granted in 1872 (Rubin 1973). 
World War Il in the 1940s spurred the development of injection moulding due to the 
demand for mass produced plastic parts. Today, it is one of the main manufacturing 
techniques used for the production of plastic components, especially in large 
quantities. 
Polymer granules are usually used in the injection moulding process, but as a result of 
the hygroscopic nature of some polymers it may be necessary to dry the polymer in an 
oven for a required period of time. Once the raw polymer material is prepared, it is 
fed into an injection moulding unit where it is melted and injected into a split-mould 
under pressure by a ram or screw (Ashby and Jones 2006; Powell and Housz 1998). 
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The moulded polymer is cooled to below its glass transition temperature for 
amorphous polymers, or melt temperature for crystalline polymers, before it is ejected 
from the mould (Rosato et al. 2001). The flow path of the melt is determined by the 
shape of the mould cavity and gate locations (Figure 4.5), and its strength can be 
orientated to meet performance requirements as illustrated in Figure 4.6. This can lead 
to improved stiffness and strength within a component which is anisotropic in nature 
(Ashby and Jones 2006). 
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Figure 4.5: Determination of flow path (Rosato, el at 2001) 
I 
STRESS PARALLEL TO ORIENTATION 
STRESS PERPENDICULAR TO ORIENTATION 
Figure 4.6: Effect of orientation during melt flowing through cavity (Rosato el A 2001) 
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The part is formed within a cavity machined in the mould tool. The tool is not part of 
the injection moulding machine as it is different for each part produced. Typically, 
moulds are very strong as they have to withstand severe pressure and high 
temperatures which may arise during the process. The functional requirements of the 
mould includes receiving and distributing the melt, fon-ning the melt into the shape of 
the part, and holding the formed part in place until it solidifies and is ejected. 
There are a number of different types of injection moulding machines available but, 
for this study the plunger injection moulding machine will be the only machine 
considered as it is able to manufacture typical parts which are representative of 
injection moulding in general. 
4.3.1 Plunger injection moulding 
Plunger injection moulding machines are fairly simple in their operation. Typically, 
plastic-feed material is introduced into the machine via a hopper into a heater cylinder 
called the shooting pot, as illustrated in Figure 4.7. 
Wci2tarc 
1- 
Figure 4.7: Injection moulding process (Rees 1994) 
Once the mould closes, the injection unit advances so that the nozzle makes contact 
with the mould sprue bushing. The plunger or ram slides to close the entry point of 
the raw material and push the material into heated channels in the torpedo, near the 
exit end of the shooting pot. The torpedo is a streamlined metal block placed in the 
path of flow of the plastic material in the heating cylinder of injection moulding 
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machines. The function of the torpedo is to spread the polymer into annular rings, 
exposing the material to as much heated surface as possible, melting the granules 
within a reasonable time period (Reýs 1994). As the plunger continues to advance, the 
viscous material is pushed into the mould cavity through the nozzle forming the part. 
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5 Characteristics and analysis of polymers 
5.1 Introduction 
Polymers are complex materials that have a wide range of properties which are 
dependent on how they were manufactured and the test conditions applied. The work 
described in this chapter assesses the impact of process parameters on the mechanical 
properties of the completed part, as this is key to the understanding of nylon-12 parts 
produced by SLS. It is important that an understanding of how the SLS nylon-12 
parts, produced for this research, may respond due to the differences in production 
parameters, and how this response may be measured. 
This chapter discusses polymers in general, and the thermal transitions of a semi- 
crystalline polymer. The factors which influence the mechanical properties of 
polymers are also presented, along with ways of characterising polymers, and the 
chemical structure of nylon-12. 
5.2 Polymers 
A polymer is a compound consisting of macromolecules (long-chained molecýles), 
each molecule made up of repeating units of monomers (smaller molecules) 
connected together (Groover 2007). The joining of smaller molecules is known as 
polymerisation. Polymerisation is the linking of two or more monomers by a chemical 
reaction to form longer and larger molecules (macromolecules) (Kalpakjian and 
Schmid 2001). Macromolecules may be linear, branched or loosely cross-linked. In 
the latter case, the structure can develop into a large 3D network as illustrated in 
Figure 5. L 
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Linear Branched 
Figure 5.1: Schematic representations of molecular structures (Callister 2003) 
Linear polymers are those in which the monomers are joined together end to end 
(Figure 5.1a), while branched polymers have side-branch chains connected to the 
main ones as shown in Figure 5.1 b. The schematic of cross-linked polymers shown in 
Figure 5.1c, have adjacent linear chains, joined together at various positions by 
covalent bonds, which are a form of chemical bonding characterised by the sharing of 
one or more pairs of electrons between atoms (Callister 2003). When the monomers in 
a cross-linked polymer have 3 active covalent bonds, 3D network structures are 
formed (Figure 5.1 d). 
Polymers are generally classified into 3 material groups on the basis of the structure 
and bonding mechanism between the macromolecules. Macromolecules which have 
linear or branched chains are called thermoplastic polymers such as polyethylene and 
nylon. Highly cross-linked chain molecules are referred to as thermosetting polymers, 
and these include epoxies and phenolics, while weakly cross-linked chain molecules 
are called elastomers which include rubber and polybutadiene (Callister 2003). 
Thermoplastic polymers are solid materials at room temperature but they become 
viscous liquids when heated, enabling the formation of products. Thermoplastic 
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polymers can be subjected to a heating and cooling cycle repeatedly without 
significant degradation. Thermoplastic polymers with short and few side chains lying 
close together, enabling the molecules to be arranged in an orderly close-packed 
manner, are known as semi-crystalline thermoplastic polymers. In contrast, molecular 
chains which are highly branched and very long cannot achieve this closely packed 
order due to the irregularity in their structure, and form a further class of materials 
known as amorphous thermoplastic polymers (Michaeli 1995). 
Thermosetting polymers often become permanently hard and rigid after curing, but 
upon reheating degrade and char rather than melting like thermoplastic polymers. 
Elastomers display highly elastic elongation properties when subjected to relatively 
low mechanical stress. Elastomers have similar molecular structure to thermosetting 
polymers (they both have cross-linked chains), but differ from thermoplastic polymers 
which have linear or branched molecular chains. 
The nylon-12 polymer powder used in the SLS process is a semi-crystalline, 
thermoplastic polymer. 
5.2.1 Chemical structure of nylon-12 
Nylon is the common name for linear polyamides which all have in common the 
carbonamide group -CO-NH- recurring in a chain of methylene groups - (CH2) 
The nylon-12 polymer used throughout this thesis is a semi-crystalline thermoplastic 
polymer, prepared from the monomer laurolactam (Kohan 1995). Laurolactum. is 
manufactured from butadiene feedstock. Butadiene is trimerised to cyclododecatriene, 
and then hydrogenated to form -cyclododecane. Oxygen is then added to 
cyclododecane to form cyclododenanol, which is subsequently dehydrogenated to 
produce cyclododecanone. The cyclododecanone is transformed into 
cyclododecanone oxime by oximation with hydroxylamine (NH20H), and then by the 
Beckmann rearrangement, the oxime is converted into laurolactam (amide). The 
reaction is shown in Figure 5.2. 
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Figure 5.2: Reaction to form nylon-12 (Nicholson 2007) 
5.3 Thermal transition of semi-crystalline thermoplastic polymers 
There are 2 thermal phases that are known to occur in semi-crystalline thermoplastic 
polymers; amorphous and semi-crystalline phases. In a semi-crystalline thermoplastic 
polymer the material remains solid below the glass transition temperature TG, 
however when TGis exceeded, molecular chains in the amorphous regions begin to 
vibrate, eventually causing mobility of the amorphous molecular chains. At this point, 
the amorphous regions are softened but the semi-crystalline regions remain rigid and 
tough (Michaeli 1995). 
With increasing temperature, there is greater mobility of the molecular chains in the 
amorphous regions, subsequently exceeding the semi-crystalline melting temperature. 
Once this happens, the bonding forces within the semi-crystalline regions become too 
weak to prevent the molecules from sliding past each other. Further heating of the 
semi-crystalline polymer to melt temperature will result in a reduction in viscosity, 
allowing the polymer to flow. If the semi-crystalline thermoplastic polymer is further 
heated beyond its flow range, thermal degradation can occur. Extremely high 
temperature leads to a cleavage at the C-N bond of the molecular chain in nylons 
(Figure 5.3), resulting in poor mechanical properties, and in some cases charring 
(Askeland 1994). 
H0 
Figure S. 3: Cleavage of C-N bonding (Kohan 1995) 
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The thermal transitional behaviour is illustrated in Figure 5.4, which shows the 
mechanical properties of a semi-crystalline thermoplastic polymer as a function of 
temperature. As the temperature rises there is a decrease in tensile strength, but 
simultaneously an increase in elongation at break occurs. Further increases in 
temperature will eventually lead to a very weak part and a fall in elongation, once the 
semi-crystal line polymer becomes molten. 
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Figure 5.4: Behaviour of semi-crystalline polymer as a function of temperature (Michaeli 1995) 
5.4 Factors influencing the mechanical properties of semi-crystalline 
polymers 
A number of factors affect the mechanical response of semi-crystalline polymers. 
These are due to either the method of manufacture or laboratory test parameters. Only 
factors developed due to the method of manufacture are considered in this thesis as 
SLS test parts are compared against those produced using casting and injection 
moulding in Section 7.5. For this study, just density and crystallinity are considered in 
terms of their effect on compression properties. 
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5.4.1 Density 
In solid materials, density is controlled to a large extent by the mass of the constituent 
atoms. Materials built from light elements such as carbon, oxygen, and hydrogen (low 
atomic numbers) have low densities. As the atomic number increases, the atomic mass 
increases much faster than the atomic volume, so that the effective atomic density 
rises rapidly. For a series of materials with the same crystal structure, such as face- 
centred cubic (FCC) metals, the solid density and the atomic number or atomic mass 
track each other quite closely. Polymers are made up of much lighter individual 
atoms, therefore have lower densities in comparison to metals (Michaeli 1995). 
Density variations can occur within semi-crystalline polymers as a result of the 
manufacturing technique, which may be without pressure (e. g. casting process) or 
with pressure (e. g. injection moulding). The density of a polymer part can influence 
its stiffness and strength, and it is an important consideration in the selection of 
materials for a given application. The presence of porosity within a part can have an 
adverse effect on its density as previously established in Section 3.4.1 in the case of 
sintered parts, and crystallised regions are typically denser than amorphous regions. 
5.4.2 Crystallinity 
In semi-crystalline thermoplastic polymers, complete crYstallisation does not occur 
due to the molecular chains becoming entangled in and around one another during 
polymerisation, leading to some disorder in the molecular chains. This results in semi- 
crystalline thermoplastic polymers having a crystalline structure in certain regions and 
an amorphous structure in others (Figure 5.5). 
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Figure 5.5: Amorphous and crystallised regions in a polymer (Kalpakjian and Schmid 2001) 
In semi-crystalline polymers, the formed crystals are referred to as spherulites because 
they grow outwards in a spheroidal shape. In its molten state, semi-crystalline 
thermoplastic polymers have no crystalline regions, only amorphous ones. As a 
molten semi-crystalline polymer cools down, the spherulites, consisting of crystalline 
and amorphous regions, begin to grow. The development of spherulites begins with 
the fonnation of a crystallisation nucleus. The nucleus grows until the resulting 
spherulite collides or impinges with another spherulite. This is the first stage of 
crystallisation, and is referred to as primary crystallisation (McNaught and Wilkinson 
1997). Sometimes there are areas between the spherulites containing amorphous 
material, which begin to crystallise after the primary crystallisation is completed, 
known as secondary crystallisation (McNaught and Wilkinson 1997). The rate of 
solidification during cooling can affect the degree of crystallinity (Kalpakiian and 
Schmid 2001), with a rapid cooling leading to small spherulites (lower degree of 
crystal li sation) and a slow cooling leading to larger spherulites (higher degree of 
crystal lisation). 
The density, modulus and strength of a semi-crystal line polymer has been known to 
be determined by its degree of crystallinity (Groover 2007). Bessell et al. (1975) 
produced various nylon-6 mould sheets in a furnace with an atmosphere of dry 
nitrogen, using a range of polymerisation temperatures from 393K to 473K. All 
mould sheets were allowed to crystallise for one hour, after which tensile specimens 
were machined from them. Tensile tests determining the modulus and yield stress 
were conducted, along with the degree of crystallinity for each sample. Crystallinity 
was shown to be dependent on the polymerisation temperature. By comparing the 
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degree of crystallinity with the tensile results obtained, it was established that 
increasing the degree of crystallinity led to increased tensile modulus and yield stress 
as shown in Figure 5.6. 
z 
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Figure 5.6: Dependence of modulus and yield stress on crystallinity (Bessell et A 1975) 
The dependence of yield stress on crystallinity was also observed by Russell and 
Beaumont (1980), who injection moulded various nylon-6 specimens into moulds at 
different temperatures. The authors conducted tensile tests, crystallinity and density 
measurements on the samples produced. The results showed an increase in yield 
stress, coincided with a corresponding increase in crystallinity and density. 
5.5 Polymer characterisation 
There are a number of ways in which semi-crystal line polymers can be characterised, 
these include density, differential scanning calorimetry, mechanical property analysis 
and polarised oPtical microscopy. 
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5.5.1 Density measurement 
For a homogenous part, the density (p) can be deten-nined using its mass m and 
volume v (Equation 5.1), and it is usually expressed in kilograms per cubic meter 
(kg / m). 
m p=- 
V 
(Equation 5.1) 
This is done by weighing the part and measuring its dimensions using a suitable 
device, such as vernier callipers, to obtain its volume. Alternatively, the volume of the 
part can be measured by displacement. This requires that the part be submerged in a 
liquid in which it is not soluble, and the volume of liquid displaced measured. 
A density bottle of known volume with a capillary outlet can be used to determine the 
density of a component in a specified temperature environment. A series of sequential 
procedures are required before the density can be obtained. These are as follows; 
1. Weigh the test part and record its mass. 
2. Remove the lid of the density bottle and fill with a chosen liquid of known 
unit density (i. e. distilled water), taking care to avoid the formation of bubbles 
as this can have an adverse effect on the results. 
3. Replace the lid to allow excess liquid escape via the capillary outlet and dry 
the density bottle using a clean cloth. 
4. Then weigh the density bottle, filled with the chosen liquid and record its 
mass. 
S. Remove the lid of the density bottle and place the test part into it, before 
replacing the lid once more. This causes the liquid to be displaced. 
6. Once again, dry off any excess liquid before weighing the density bottle which 
contains the liquid and the test part, and record its mass. 
7. Obtain the sum of the masses from procedures (1) and (4), and record. 
8. Subtract the mass obtained from procedure (6) from the sum of masses 
obtained in procedure (7), to determine the volume of the test part. 
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9. At this point, the density can be determined using Equation 5.1, from the mass 
of the test part (1) and its volume (8). 
Procedures (a) to (h) can be expressed as Equation 5.2; 
Pý (M + Mb) - Mc (Equation 5.2) 
Where m= mass of test part 
Mb = mass of bottle and liquid 
mc = mass of bottle, liquid and test part 
It is important to remember that I millilitre =I gram, for this procedure to work. 
The density of a solid material can vary depending on how its volume is defined. For 
example, if sand is gently filled into a container the density will be low but, when it is 
compacted into the same container it will occupy less volume and consequently 
exhibit greater density. This is because sand, like all powders and granular solids, 
contains a lot of air space in between individual grains. The overall density measured 
is called the bulk density and this differs from the density of an individual grain of 
sand. 
For liquids, the density can be measured using a hydrometer. This is a tube of 
constant mass that is calibrated to measure density by floating the hydrometer in 
liquids of known densities and recording on a scale the fraction of the hydrometer 
submerged. Any hydrometer can be used over a limited range of densities because the 
hydrometer must float in the liquid being studied and the hydrometer level must be 
sufficiently submerged to obtain an on-scale reading. Hydrometers may be calibrated 
in g/mI or some other unit of density. 
Some additives in polymers (e. g. aromatic brominated flame retardants which have 
specific gravities at around 2.8 g/cm 3) can distort the density result, especially when 
present at high loading. However, the formulation details of the material could be 
obtained from the density measurement if the chemical structure of the polymer is 
required (Scheirs 2000). 
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5.5.2 Differential scanning calorimetry 
Differential scanning calorimetry (DSC) is a thermal analysis technique in which the 
heat flux into a test specimen and that into a reference specimen are measured and 
compared as a function of temperature and/or time while the test specimen and the 
reference specimen are subjected to a controlled temperature programme (ISO 1997). 
The aim of the DSC technique is to maintain the sample and reference specimen at the 
same temperature throughout the controlled temperature programme (Brown 2001). A 
DSC apparatus consists of an enclosed cell, containing two aluminiurn balance pans 
that are connected to surface thermocouples which monitor the temperature in each 
pan throughout the thermal cycle (Figure 5.7). 
Reference specimen 
Specimen 
Constantan block 
Heating 
Figure 5.7: Schematic of DSC cell (Michaeli 1995) 
The DSC cell is connected to a control unit where a thermal cycle is programmed for 
the DSC run. The heat input and subsequent temperature rise of the test specimen are 
directly compared to the reference specimen, since the same amount of heat was 
supplied to both. From the difference between these two temperature runs, a heating 
and cooling curve can be produced, with information about the melting temperature 
Ts and solidification temperature Tk available, as shown in Figure 5.8. 
51 
Cooling Exothermic 
(1) 0- 
Heating 
Endothermic 
TK Ts 
Temperature T 
Figure 5.8: Heating and cooling cycle during DSC analysis (Michaeli 1995) 
From the heating part of the curve, the degree of crystallinity, usually expressed as a 
percentage, can be determined by measuring the amount of energy absorbed (heat of 
fusion) by the semi-crystalline polymer. The heat of fusion, expressed in Joules per 
gram (J/g), is determined from the area of the endothermic peak (Bershtein and 
Egorov 1994) as shown in Figure 5.9. 
AQ 
Base (reference) line 
Exothermic 
Endothermic 
/A 
Heat of fusion 
(Endothermic peak) 
TM I 
Figure 5.9: Heat of fusion (A), used to determine the degree of crystallinity (Michaeli 1995) 
By using the heat of fusion of a polymer at 100% crystallinity, the degree of 
crystallinity can be calculated using Equation 5.3 (Potsch and Michaeli 1995); 
AH 
xloo% 
, äHloo% 
(Equation 5.3) 
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Where X= degree of crystallinity 
AH = heat of fusion 
AH100% ý heat of fusion for 100% crystallised polymer 
When comparing the degree of crystallinity of samples of similar material care must 
be taken to ensure repeatability in the method of establishing the reference line as this 
can affect the calculated degree of crystallinity. 
5.5.3 Mechanical analysis 
Mechanical analysis testing is designed to assess particular mechanical characteristics 
of materials. Within the scope of this thesis, this characteristic would be compression. 
A compression test applies a load that squeezes a test specimen between two platens, 
as illustrated in Figure 5.10, thus reducing the height of the specimen but increasing 
its cross-sectional area. Compression test specimens are considerably smaller in 
length than tensile test specimens, making the attachment of extensometer clips very 
difficult. Hence, the machine crossheads are usually used to record changes in strains 
that occur during the compression test. 
Moving crosshead 
Upper platen 
Test specimen 
Lower platen 
Table 
(b) 
Figure 5.10: Schematic of compression test setup (Groover 2007) 
In polycrystalline metals the elastic modulus property is generally the same in 
compression or tension if defon-nation occurs by slip, but this can differ if 
deformation occurs by twinning (ASM Handbook 2000). Slip occurs when a 
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dislocation moves and causes a material to deform, while twinning occurs when a 
shear force, acting along the twin boundary, causes the atoms to shift out of position 
(Askeland 1994). 
The compression modulus of a polymer is less than its tensile counterpart, with a 
typical Nylon-6 modulus due to compression deformation between 2070 - 2415MPa, 
while the tensile modulus falls between 3347 - 3795MPa. Tensile testing is limited by 
the occurrence of necking which subsequently leads to rupture, but as there is no 
occurrence of necking during compression testing a material's response under large 
plastic strains (i. e. beyond the tensile necking limit) can be measured. Generally, the 
compression strength of a polymer is greater than its tensile strength due to the 
microscopic flaws in polymer materials which initiate cracking under tension, but are 
forced together in compression to strengthen the material (Scheirs 2000). 
Compression tests use different specimens to determine the compression modulus and 
strength of a part. The dimension for a modulus specimen is 50 x 10 x4 mm, while 
that of strength specimen is 10 x 10 x4 mm (ISO 2003). These are designed to 
prevent various forms of deformation which can affect the results obtained. 
Compression test specimens display different modes of material defonnation, 
dependent on the length I and thickness t of the specimen, as illustrated in Figure 5.11 
(ASM Handbook 2000). 
0 
Cu __ _ (d) (0) (1) 
Figure 5.11: Various modes of deformation under compression load (ASM Handbook 2000) 
54 
Figure 5.1 la represents deformation due to buckling, which is common in test 
specimens when Ilt > 5. This form of failure involves the bending of the specimen, 
similar to a 3-point bend test, so that the stress is no longer limited solely to 
compression as illustrated in Figure 5.12, where compression stresses and strain occur 
on one side of the beam while tensile stresses and strain on the other side of it 
(Groover 2007). 
Compressive 
stresses and 
F strains 
Tensile stresses 
and strains 
Figure 5.12: Deformation due to bending (Groover 2007) 
Figure 5.11 b represents compression deformation due to shearing, which occurs in 
test specimens when Ilt > 2.5. For these geometries, shearing can also occur if the 
compression platens are not properly aligned, although in ductile materials, which are 
materials that permanently deform without breaking, unsatisfactory deformation 
responses can be obtained when 11t = 2.5. 
Figure 5.1 Ic illustrates deformation due to double barrelling which occurs when 1/1 > 
2.0, while Figure 5.11 d illustrates deformation due to single barrelling which arises 
when 1/1 < 2.0. Barrelling arises due to the friction between the ends of the test 
specimen and the compression platens, constraining lateral flow at the contact 
surfaces. This mode of compression deformation indicates that deformation is 
nonuniform (i. e. the stresses and strain vary through the specimen), hence the test is 
not valid for measurement of the compression properties. 
If the compression test is conducted without friction between the ends of the test 
specimen and the compression platens, barrelling does not occur, leading to a 
homogenous deformation in specimens where 11t < 2.0 as illustrated in Figure 5.11 e. 
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The final form of deformation occurs due to compression instability which arises as a 
result of work-softening of the material (Figure 5.11 f). During a compression test the 
cross-sectional area of the specimen increases thereby increasing the load-carrying 
capability of the material, but if work-softening occurs, this capability decreases. 
When the rate of decrease in strength of the material due to work softening exceeds 
the rate of increase in the area of the specimen, an unstable mode of deformation 
occurs in which the material rapidly spreads in a localised region as shown in Figure 
I If (ASM Handbook 2000). 
Compression instability in metals can be determined using the Consid6re's 
construction, which is a plot indicating the commencement of instability as shown in 
Figure 5.13. The commencement of instability for a work softening material is located 
at point C'(Figure 5.13), indicating the ultimate strength of a material in 
compression. 
a 
0 
Figure 5.13: ConsWre's construction showing Instability due In tensile and compression testing 
The stress-strain curve results from compression tests are in some ways similar to 
those obtained from tensile tests as shown in Figure 5.14, with the yield point 
indicating the onset of permanent plastic deformation. The compression tests 
conducted in this research were to the ISO 604 standard (ISO 2003), 'With the 
compression modulus and ultimate compression strength determined from the 
compression stress-strain curve obtained. However, in ductile materials there is no 
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ultimate compression strength as necking does not occur in compression. In such 
cases the stress at maximum load is simply referred to as the compression strength. 
a, 
C') Yield point, start of plastic region 
Strain, e 
E= Modulus of elasticity = Young's modulus 
Figure 5.14: Typical engineering compression stress strain curve (Groover 2007) 
5.5.4 Polarised optical microscopy 
Polarised optical microscopy is a technique that requires a polarising filter below the 
polariser, and an analyser above the specimen (Scheirs 2000). A polariser is a device 
that modifies light so that the light transmitted vibrates in only one direction. The 
light transmitted through the polariser is known as polarised light. When an image is 
examined using polarised optical microscopy, the analyser is rotated to 90" which 
stops light going through, and causes the image to appear dark. This is referred to as 
cross polarised light. A schematic showing crossed polarised optical microscopy is 
presented in Figure 5.15. 
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Figure 5.15: Schematic of crossed polarised microscopy 
Polarised optical microscopy allows conclusions to be drawn regarding the thermal 
history of a polymer as shown in Figure 5.16, and any structural defects such as 
porosity, which may have occurred during its manufacture. Semi-crystalline polymers 
such as nylon-12 are prepared by cutting thin slices using a microtome. The thickness 
of samples for polarised microscopy analysis is largely dependent on the polymer 
being analysed, but generally they should be no greater than 5, um (Scheirs 2000). 
Figure 5.16: Polarised optical microscopy of a high-density polyethylene (HDPE) sample, 
crystallised at 123'C (Scheirs 2000) 
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6 Preliminary hypothesis and research 
objectives 
SLS ) of nylon-12 is a successful RM approach for numerous niche applications. 
Although the benefits of SLS for RM are widely recognised, its applications are still 
somewhat limited. This is partly due to the mechanical properties of the SLS material. 
While the tensile properties of SLS nylon-12 are well documented, there is relatively 
little information in the public domain about its compression properties. Currently, 
SLS nylon-12 bespoke football boots are the most publicised example of where 
compression properties play a prominent role. Further understanding of compression 
properties could allow for application of SLS where compression loads are 
encountered. 
The tensile properties of SLS nylon-12 can be manipulated by varying the energy 
density used in the production of tensile test parts. Increasing the energy density 
increases the tensile properties and vice versa. In theory, this should be the case for 
compression test parts. Therefore the preliminary hypothesis of this study was that by 
altering energy density using laser power, the compression properties of SLS nylon- 
12 can be varied. It was expected that a rise in energy'density would result in a 
corresponding rise in compression properties based on Section 2.4.3. 
The preliminary research objectives of this work were as follows; 
1. Investigate effect of laser power on compression properties and determine its I 
statistical significance. 
2. Investigate effect of laser power on crystallinity and density, and determine its 
statistical significance 
3. Investigate effect of crystallinity and density on compression properties, and 
detennine their statistical significance. 
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6.1 Statistical analysis 
Variations within acquired data cannot be ignored as over the course of conducting 
experiments there could have been a range of factors such as human error, machine 
error and environmental changes that may have affected the outcome. To ensure that 
the results from the experiments were not due to random variables, it was vital to 
establish the relevance of all the data acquired in this research. Therefore, all results 
acquired were validated according to a rigorous statistical method, using the statistical 
analysis software SPSS. The Kruskal-Wallis one-way analysis of variance by ranks 
which uses a chi-square value to determine the statistical significance of a particular 
data set was the preferred method of analysing the results. This technique was chosen 
for two reasons. Firstly, throughout this research only one process variable is altered 
in each instance and secondly, the data sets showed no obvious trends. 
6.1.1 The Kruskal-Wallis test 
The analysis of variance (ANOVA) is a form of parametric test' which uses the 
characteristics of populations in a statistical analysis by assuming that the mean is a 
valid estimate of the centre, and that the distribution of test data is reasonably normal 
(statistically) and similar in all groups (Hinton et aL 2004). When there is no clear 
distribution of data and no assumptions about the characteristics (such as mean and 
variance) of the pop ulation can be made, it is referred to as nonparametric. The 
Kruskal-Wallis test is a form of nonparametric test which is used in a one factor 
design where more than two independent samples are analysed (Hinton et aL 2004), 
and unlike standard ANOVA it does not assume normality in the data distribution. 
The Kruskal-Wallis technique tests the null hypothesis that; 
1. All samples come from one population or identical populations with the same 
median 
2. At least one pair of groups has different medians 
Kruskal-Wallis uses a ranking system and approximates the chi-square distri ution 
from which the statistical significance is determined. The chi-square is a statistical 
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technique that can determine whether the groupings of cases from one variable 
(unknown population) are related to the groupings of cases from another variable 
(known population) based on the number of groupings. The chi-square value and the 
number groupings are used to determine the statistical significance from a chi-square 
distribution table as shown in Appendix I. The degree of freedom df seen on the chi- 
square distribution table is determined using the function k- 1, where k is the number 
of samples or groups. 
The statistical significance can be defined as the likelihood that an association 
between two factors has come about due to a planned sequence of events rather than 
by coincidence. Kruskal Wallis uses the term asymptotic significance which estimates 
the probability of obtaining a chi-square statistic greater than or equal to the one 
displayed, if there truly are no differences between the group ranks. The asymptotic 
significance is an estimate of the true statistical significance, and it is considered 
generally adequate for calculating the statistical significance (Hinton et aL 2004). For 
this research, all experimental data sets will be considered statistically significant if 
the probability p is smaller than or equal to 0.05 (i. e. p :50.05). When the probability 
corresponds to 0.05 or less, there is a difference between at least two population 
distributions within the data set. 
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7 Investigating the effects of laser power on 
nylon-12 
7.1 Introduction 
An investigation was conducted to determine how laser power affected the 
compression properties, crystallinity and density of SLS nylon-12 parts. Laser power 
changed the amount of energy density going into the parts. 
The casting and injection moulding processes were also used to manufacture nylon-12 
test parts from which their compression properties, crystallinity and density were 
determined. Their properties were compared with those from SLS nylon-12 parts. 
This was done to observe differences between SLS nylon-12 and those from other 
production techniques. 
The results obtained from this research were statistically analysed to establish whether 
laser power played a significant role in compression properties, crystallinity and 
density of SLS nylon-12 pirts. The statistical significance of crystallinity and density 
on compression properties was also determined in order to elucidate their roles in 
affecting compression modulus and strength. 
7.2 Experimental equipment 
7.2.1 Compression test machine 
Compression tests were conducted after the test parts were conditioned for 88 hours, 
with the compression modulus tests perfonned. at a strain rate of Imm/min and the 
compression strength tests performed at a strain rate of 5mm/m1n, according to the 
ISO 604 standard (ISO 2003). The compression test parts were conditioned in an 
environmentally controlled room set to a temperature of 20T and a relative humidity 
of 40%, in order to achieve temperature and moisture equilibrium between the test 
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parts and the test environment. Every part produced in this research was treated in this 
way 
A Zwick Z030 universal testing machine with a IOKN load cell as shown in Figure 
7.1, fitted with compression platens made from stainless steel was used for the 
compression tests in accordance with the standard to determine compression modulus 
and strength. This machine was kept in an environmentally controlled room, set to a 
temperature of 200C and a relative humidity of 40%. An extensometer could not be 
used to determine the changes that occurred in strain due to the size restrictions of the 
compression test parts, so the machine crosshead was used to measure this as the ISO 
604 standard allows for it. 
7.2.2 Differential scanning calorimetry machine 
The DSC device used for this research was a calibrated Shimadzu DSC 60WS. This 
device was used in conjunction with the DSC analysis software programme TA60 to 
analyse the results obtained. Aluminium. crimping pans with lids were used to contain 
the nylon-12 test specimens that were placed in the DSC cell. 
A DSC specimen which weighed between 5 to 10mg as recommended by Scheirs 
(2000) was cut from the centre of each test part using a sharp blade. A digital scale by 
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Figure 7.1: Zwick Z030 machine with fitted compression platens 
Mettler Toledo with a resolution of 0.1mg was used to weigh each DSC specimen 
before it was sealed in an aluminium pan. Two aluminium pans were used to carry out 
each DSC analysis with one of them containing the DSC specimen and the other 
empty (reference specimen). The specimens were heated from -20'C to 220'C at 
IO'C/min, held at 220'C for 2 minutes and then cooled at IOOC/min to -20'C. 
Following each DSC analysis run the degree of crystallinity was determined using 
Equation 5.3. Five samples were analysed for each condition. 
7.2.3 Density measurement and optical microscopy 
The density was determined using the liquid displacement and mass-volume 
techniques. A 25ml density bottle and distilled water was used for the liquid 
displacement method. The weight of each test part was determined by means of an 
electronic balance. 
Optical microscopy analysis was performed on the crystallinity and density parts to 
observe spherulitic growth and porosity respectively. A Leica DMRXP optical 
microscope (Figure 7.2) was used for both analyses. The microscope was set to the 
'dark-field' option at 40x magnification to detect spherulitic growth. The 'bright- 
field' or crossed polarised option at five time magnification was used to view 
porosity. 
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Figure 7.2: Leica DMRXP optical microscope %orkstation 
A sample from each part was fixed and mounted between two cover slips using the 
euparal mounting medium before being placed under the microscope. The porosity 
images were analysed using UTHSCSA ImageTool program developed at the 
University of Texas Health Science Centre at San Antonio, Texas. A detailed image 
analysis was conducted to determine the average number of pores and porosity within 
a cross-sectional area of 2.4mm 2. This was achieved by converting the images into 
black and white pixels, with the black pixels representing pores, and the white pixels 
the solid body. A detailed account of how the average number of pores and porosity 
were obtained is given in Appendix 11. 
7.3 Selective Laser Sintering machine and material 
The SLS machine used for this thesis was a 3D Systems Vanguard shown in Figure 
7.3, which is capable of processing polymer and metal powders. It has two powder 
feeders from which a roller deposits powder material onto the powder bed. The bed 
measures 381 x 330 x 457 mm. Parts built on the machine are generally produced at 
least 10mm away from the edges of the powder bed to avoid adverse thermal effects 
caused by the cylinder of the build chamber. 
Figure 7.3: 3D Systems Vanguard 
There are a number of key parameters on the 3D Systems Vanguard which enable 
parts to be built accurately with suitable mechanical properties. Some of the key build 
parameters are; 
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Fill laser power - this is the rate at which energy is transferred from the laser beam to 
the material and it is expressed in watts (W). 
Outline laser power - this is the rate at which energy is transferred from the laser 
beam to the outline of the geometry being sintered in the material and it is expressed 
in watts (W). 
Fill scan count - this is the number of times the laser beam is required to pass over 
the geometry on each powder layer and it is expressed as a dimensionless numerical 
value. For example, when the fill scan count is set at two, the laser beam will pass 
over the geometry twice. 
Slicerfill scan spacing - this is the distance between two adjacent scans as illustrated 
in Figure 7.4, and is expressed in millimetres (mm). 
Laser beam 
scans , 
Laser beam 
travel path 
Outline of 
scanned part 
Slicer fill 
scan spacing ------------ -- 
------------ -- 
----------- -- --------- 
------------- 
Figure 7.4: Schematic showing the slicer fill scan spacing 
Laser scan speed - this is the velocity at which the laser beam travels. There is no 
option to alter the laser scan speed which remains fixed at 5000 mm/s. 
Cross fill scan - this determines the number of directions the laser beam scans on 
each layer. Zero induces scanning in the x direction only. One induces an alternating x 
and y directional scanning sequence between powder layers. Only x directional 
scanning was available on the machine when the experiments were performed. 
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Powder layer thickness - this is the amount of powder material deposited each time 
by the roller on the power bed in millimetres (mm). 
Part heater set point - this is the temperature at which the powder material is kept at 
while on the powder bed in degrees Celsius CC). For nylon-12, this is 12T below 
melt temperature. 
Feed heater set point - this is the temperature at which the powder material in the 
feed bin is maintained in degrees Celsius (C). 
Machine parameters used for the manufacture of SLS nylon-12 test parts were kept 
constant at the 'standard values' shown in Table 7.1. 
Laser power 11.5 W 
Outline laser power 5W 
Fill scan count I 
Slicer fill scan spacing 0.15 mm 
Laser scan speed 5000 mm/s 
Cross fill scan 0 
Powder layer thickness 0.1mm 
Part heater set point NOT 
Feed heater set point I OOOC 
Table 7.1: Build parameters for compression test parts 
The powder material used throughout the course of this thesis was virgin nylon-12 
polymer. A virgin powder is one that has not been put through any heat cycles. It has 
a crystallinity of 47% (Figure 2.12) and has never been used in the production of 
parts. A scanning electron microscope (SEM) image showing nylon-12 powder is 
displayed in Figure 7.5. 
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Figure 7.5 shows an SEM image of nylon-12 particles. According to the material data 
sheet supplied by 3D Systems, the particle diameters range between 25 - 92, um with 
an average of 58, um. Compression test parts built in this chapter were made using 
nylon- 12 powder from the same delivery batch. 
7.4 Methodology 
7.4.1 Determining a suitable part orientation 
A study was conducted to ascertain which build direction produced the most 
consistent compression results. The outcome was used as a guide for the manufacture 
of all SLS test parts in this chapter. 
For this investigation, five pairs of compression parts were manufactured at a laser 
power of I 1.5W (standard laser setting) in the x, y and z axis orientations. These were 
placed in an area measuring 120 x 130 mm within the centre of the powder bed as 
shown in Figure 7.6. 
68 
Figure 7.5: SEM image of nylon- 12 powder 
Central build area 
Figure 7.6: Central build area within the powder bed 
The distance between each pair of compression test parts was I mm, while the distance 
between each group of compression test parts was 10mm (Figure 7.7), The powder 
bed was allowed to cool down to a temperature of 23'C before the parts were taken 
out of the machine. The temperature was measured using a digital thermometer. This 
ensured that they were sufficiently cooled before removal to avoid warping. 
z-axis orientated 
parts 
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Figure 7.7: Test parts in different orientations 
7.4.2 Results and discussion of compression properties from parts built in 
different orientations 
Following compression tests to establish the effect of orientation, the results derived 
are represented in the form of 2D column graphs along with their range bars. The 
maximum percentage variation in the distribution of the data obtained was determined 
using Equation 7.1, as applied by Hague et al. (2004a), in order to highlight the most 
consistent build orientation. 
Max. value - Min. value x 100% = Max. % variation (Equation 7-1) Max. value 
From Figure 7.8 the highest average modulus was noted at 741 MPa from the 
compression modulus parts built in the x-axis orientation, while the lowest average 
modulus was 64 1 MPa from compression modulus parts built in the z-axis orientation. 
The compression modulus parts built in the y-axis orientation showed an average 
modulus of 70IMPa which was between those obtained from the x-axis and z-axis 
orientated test parts. The maximum percentage variation for compression modulus 
parts was 6%. 
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Figure 7.8: Effect of build orientation on modulus 
70 
x axis y axis z axis 
Build orientation 
The compression strength results obtained from the tests are shown in Figure 7.9, with 
the peak average strength value recorded at 55MPa from parts built in the x-axis 
orientation. Test parts in the z-axis orientation produced the least average strength 
with 51MPa while y-axis orientated parts had their average at 54MPa- The 
compression strength parts built in the x-axis had a maximum percentage variation of 
3%, the least obtained. The y-axis and z-axis orientated strength parts showed the 
highest maximum percentage variation derived at 4%. 
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Figure 7.9: Effect of build orientation on strength 
For both modulus and strength test parts, the maximum properties came from the x- 
axis orientated parts while the minimum was from the z-axis orientated parts. These 
results follow a similar pattern shown by tensile parts which were investigated by 
other researchers such as Gomet (2006), Moeskops et al. (2004), Hague et al. 
(2004a), Saleh et al. (2002) and Gibson and Shi (1997) as discussed in Section 2.4.2. 
The lowest maximum percentage variation in the strength was observed in the x-axis 
orientated parts while modulus parts showed consistency in the range of data obtained 
for all three orientations. 
A statistical analysis confirmed that the orientation was statistically relevant to the 
modulus and strength results obtained in Figure 7.8 and Figure 7.9 respectively (Table 
7.2). Using Appendix I it can be inferred that there is over a 95% probability that 
71 
x axis y axis z axis 
Build orientation 
differences exists between at least two data groups within the population due to 
orientation. 
Kruskal Wallis output Modulus Strength 
Chi-square 11.642 11.580 
Degree of freedom 2 2 
Asymptotic significance . 003 . 003 Table 7.2: Statistical significance of laser power on modulus and strength 
The data from x-axis orientated parts could be as a result of two factors (Ajoku, U. et 
aL 2006b). The first is a stronger inter-particle bonding in the x-axis orientation and 
the second is the direction of compression load applied. 
As SLS is a layer by layer process where as the laser scans a vector on a layer, the 
melted polymer powder particles bond together with a neck diameter D. - This can 
be 
referred to as a particle-particle bonding mechanism as illustrated in Figure 7.1 Oa. 
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Figure 7.10: Cross section of particle-particle bonding In x, y and z axes (Dx > Dy > Dz) (Ajoku, 
U. et aL 2006b) 
Then the laser switches off and an increment occurs in the y-axis miffor to allow the 
laser scan the next vector. The bonding between particles along the x-axis is much the 
same as with the previous vector. (Figure 7.10a). However, particles in the previous 
vector will have cooled such that bonding between particles between vectors (in the y- 
axis) will be less than that in the x-axis (Figure 7-10b) with a smaller necking 
diameter Dy. When a layer has been completely sintered, a new layer of powder is 
applied and the particles in the previous layer will have cooled to such an extent that 
bonding between particles in different layers is less than that between particles in 
different vectors (Figure 7.1 Oc) with an even smaller neck diameter D, 
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When the compression load was applied to a test part built in the x-axis and y-axis 
orientations, it'was parallel to the powder particle bonding which occurred between 
different powder layers (layer-layer bonding) due to their build orientations (Figure 
7.7). For compression test parts built in the z-axis orientations, the compression load 
applied was perpendicular to the layer-layer bonding which occurred between the 
powder layers. This may possibly explain why the compression test parts orientated in 
the z-axis direction produced poorer compression properties, compared with the x-axis 
and y-axis orientated test parts (Aj oku, U. et aL 2006b). 
There was a varying degree of anisotropic material property behaviour due to the 
different orientations in which the compression test parts were been built. Generally 
plastics that are extruded, injection moulded or rolled tend to develop anisotropy 
along the direction of flow due to molecular chain alignment (Rosato et aL 2001). 
SLS nylon-12 exhibit similar anisotropic behaviour, but it is not as a result of 
molecular alignment. This is due to the varying strengths and weaknesses of inter- 
particle bonds within the part which are probably caused by temperature changes 
during the process. Temperature changes occur with the continuous application of 
each new layer of powder, which has a nominal temperature of IOOOC from the 
powder feeders. The powder bed is set to 170T. When the laser scans an area of part 
geometry, this rises to 1820C (melt temperature). Each time a new layer of powder is 
laid, it has a cooling effect on the underlying powder, leading to a cooling effect that 
could be detrimental to bonding between layers, if there is an occurrence of 
insufficient sintering between the layers (Ajoku, U. et aL 2006b). 
The y-axis and z-axis orientated test parts showed similar levels of maximum 
percentage variations for the modulus and strength test parts. However, a decision was 
taken that future test parts be built in the x-axis orientation. This was due to the 
slightly greater consistency of the maximum percentage variations in the compression 
strength test parts. 
7.4.3 Manufacture of SLS parts using varied laser power 
Using the build parameters listed in Table 7.1, laser power was varied seven times, 
three times on either side of 11.5W (standard value) in order to achieve a range of 
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parts with different energy densities. The full range of laser powers is shown in Table 
7.3 below; 
Build Number_ Laser power applied (W) 
1 9.5 
2 10.5 
3 11 
4 11.5 
5 12 
6 12.5 
7 13 
Table 7.3: Seven laser powers used for the manufacture of test parts 
In total, seven groups of parts were individually built with each group consisting of 
five compression, crystallinity and density test parts. Each group of test parts was 
built in the centre of the powder bed and in the x-axis orientation following the 
outcome of Section 7.3.3 (Figure 7.11). 
Central build area Crystallinity and density 
L 
Figure 7.11: Build orientation of test parts 
11 
The test parts used for investigations into the degree of crystallinity and density 
measured 4x 10 x4 mm. The building of density test parts with different geometry 
to the mechanical test parts has previously been performed by other researchers 
(Caulfield et al. 2007; Ho et al. 1999; 2003). This is usually done as a result of size 
restrictions when using a liquid displacement technique, or geometric simplicity when 
dividing the part mass by its volume. 
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Once the test parts were built using the same batch of virgin nylon-12 powder, the 
powder bed was allowed to cool to room temperature. They were then taken out of the 
SLS machine and the support powder was gently brushed off. It took 12 hours for the 
powder bed to cool down to room temperature. 
7.4.4 Casting nylon-12 powder 
Virgin nylon- 12 powder was placed a Genlab oven at a temperature of 80T for a total 
four hours. This was done to ensure no moisture was in the powder. Once dried, it 
was allowed to cool to room temperature before it was used for casting. 
The dried powder was used to completely fill a ceramic dish with a diameter of 
120mm and depth of 25mm. A ceramic dish was chosen for this process due to its 
lower thermal conductivity when compared to aluminium. or steel (Kalpakjian and 
Schmid 2001), leading to a slower rate of cooling. 
The ceramic dish with the dried nylon-12 powder in it was placed in an induction 
furnace manufactured by Electrikiln UK (Figure 7.12) at a room temperature of 230C. 
The temperature in the kiln was gradually raised to 2000C over a two hour period (a 
rate of 1.67'C/min), and the atmosphere within the kiln was nitrogen. Once a 
temperature of 2001C was reached the furnace was turned off and allowed to cool 
back to room temperature. This took 8 hours, after which the ceramic dish was 
removed. 
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Figure 7.12: Electrikiln furnace 
The cast nylon-12 block had its faces milled off using a Bridgeport Interact One three- 
axis CNC machine which is shown in Figure 7.13. 
Five compression modulus and five strength test parts were cut from the nylon-12 
block using a Startrite 20RWS bandsaw (Figure 7.14). Five crystallinity and five 
density parts measuring 4x 10 x4 mm were also cut from the block. 
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Figure 7.13: Bridgeport Interact One milling machine 
Figure 7.14: Startrite 20RWS bandsaw 
7.4.5 Injection moulding nylon-12 powder 
The mould used for this study was made by SL in Accurat BluestoneTM. The two 
mould halves measured 100 x 100 x 30 mm as shown in Figure 7.15, and included 
cavities for the compression modulus and strength parts. Conventional injection 
moulding uses metal moulds, and the rate of cooling within these moulds is higher 
than that of SL moulds (Harris et al. (2004): Hopkinson and Dickens (2000) ). As 
SLS parts take a long time to cool down before they are taken out of the machine, it 
was considered that by using a SL mould, the material properties obtained may 
become more comparable to those from SLS. The slower cooling rate of the SL 
mould encourages crystal growth, subsequently leading to larger crystals. These are 
responsible for the greater density and strength observed in parts produced using SL 
moulds (Hopkinson 1999). A very fast cooling rate, as exhibited by metal moulds, 
leads to a lower degree of crystallinity and smaller crystal growth as highlighted in 
Section 5.4.2. 
The injection moulding equipment used for this research was a manually operated 
vertical-action plunger injection moulding machine (Figure 7.16). The injection 
moulding parameters were as follows; 
Melt temperature: 21 OOC 
Injection pressure: 6.5 bar held for 2 seconds 
Part cooling time in mould: 10 seconds 
Mould cooling time after part removal: 20 seconds 
77 
Figure 7.15: Mould made from Bluestone I,, 
Temperat 
control 
for activating 
unger 
Figure 7.16: Plunger injection moulding machine 
Five modulus parts and five strength parts were injection moulded for compression 
test analysis. An additional ten compression strength parts were also injection 
moulded from which five crystallinity and five density test parts measuring 4x 10 x 
4 mm were cut using the Startrite 20RWS bandsaw (Figure 7.14). 
7.5 Results and discussion 
7.5.1 Compression properties 
7.5.1.1 Selective Laser Sintered test parts 
A typical stress-strain curve from a SLS nylon-12 compression modulus test part is 
shown in Figure 7.17. The modulus was recorded within a strain range of 0.05% - 
0.25% using the software testXpert. The strain range was selected to ensure that a 
reading could be obtained despite variations which may occur within the stress-strain 
curve due to buckling. The maximum stress from the curve is not required for the 
compression properties data. 
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Figure 7.17: Typical stress-strain curve from a SLS modulus part 
Figure 7.18 shows a typical stress-strain curve for a SLS strength test part. It exhibits 
a different characteristic to that observed from a modulus test part. The stiffness is not 
required from the stress-strain curve and the compression strength is recorded at the 
point of maximum stress. 
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Figure 7.18: Typical stress-strain curve from a SLS strength part 
Buckling was observed to occur in the compression tests of modulus parts (Figure 
7.19) and shearing in the strength parts (Figure 7.20), both in accordance with the 
ASM guidelines (ASM Handbook 2000). 
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Figure 7.19: Failure due to buckling in deformed modulus test part 
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Figure 7.20: Failure due to shearing in deformed strength test part 
The effect of laser power on compression modulus can be seen in Figure 7.21. A 
detailed list of the data acquired is presented in Appendix III. The highest average 
modulus was 840MPa at 13.5 W, with the lowest being 61 OMPa at 9.5 W. Overall, the 
compression modulus data showed the expected increase in modulus with increase in 
laser power. 
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The compression strength data is shown Figure 7.22. The minimum average strength 
was 54MPa at 9.5W, with the maximum being 59MPa at 13.5W. The compression 
strength initially increased with increasing laser power but appears to fall at 12.5W. 
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The compression properties obtained showed that the average compression modulus 
and strength increased as laser power increased. This was expected based on 1 
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Figure 7.21: Effect of laser power on modulus 
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Figure 7.22: Effect of laser power on strength 
previously published research findings discussed in Section 2.4.3 by several authors 
such as Caulfield et aL (2007), Gibson and Shi (1997) and Ho el aL (1999; 2003). The 
increase in laser power resulted in an increase in the energy density going into the 
compression parts built (Table 7.4). 
Laser power (W) 9.5 10.5 11 - 11.5 12 12.5 13.5 
Energy density (J/mm") 0.0127 0.0140 0.0147 0.0153 0.0160 0.0167 0.0180 
Table 7.4: Energy density values 
High energy density leads to greater sintering between the nylon-12 powder particles 
as discussed in Section 3.3. Increasing laser power causes an increase in the sintering 
temperature of the part. This leads to greater densification within the sintered 
geometry due to increased material transfer between particles. Measuring this 
temperature increase is not possible with the current set-up howeyer, steps have been I 
taken in Chapters 9 to observe the effect of temperature on compression properties. 
The slight dip in properties (especially strength) could be attributed to the degradation 
of the polymer material due to rising laser power and sintering temperature (Caulfield 
et aL 2007; Ho et aL 2003). 
Although published research by Caulfield et aL (2007) and Ho et aL (2003) used a 
wider laser power range (6 - 21 W), the focus of this chapter was to establish 
variation in modulus and strength. After that the effect of crystallinity and density 
would be investigated. This was achieved with the chosen laser power range. 
The effect of laser power on modulus and strength results is statistically signiflcant, 
following analysis using Table 1-1 in Appendix I which showed the probability to be 
over 95% (Table 7.5). This means there is a difference between at least two data sets 
within the modulus and strength samples due to laser power. 
Table 7.5: Statistical significance of laser power on modulus and strength 
Kruskal Wallis output Modulus Strength 
Chi-square . 12.880 - 9.776 
Degree of freedom 4 4 
Asymptotic significance .0 12 . 04ij 
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7.5.1.2 Casting and injection moulded test parts 
The compression data from which the average compression properties were derived 
for the casting and injection moulded parts are listed in Table 111-3, presented in 
Appendix III. The conditions for determining the modulus and strength remained the 
same as those used for SLS. The modes of, failure were also like those of SLS parts 
i. e. buckling in modulus parts and shearing in strength parts. The average 
compression modulus for cast parts was established at 1443MPa while the average 
compression strength was observed at 65MPa. The injection moulded parts showed an 
average modulus of 820MPa and average strength of 51 MPa. 
The cast parts showed higher compression properties than those from SLS. This was 
not always the case for injection moulded parts. The injection moulded modulus is 
only greater than that obtained from SLS test parts built at 9.5W. The compression 
strength of the injection moulded parts was the least obtained from all the parts. Even 
though the compression properties of cast parts were greater than those of SLS, this 
cannot be attributed to, the slower cooling rate of the process as cast parts cooled 
down much quicker than SLS ones. Injection moulded parts had the fastest rate of 
cooling by virtue of the process. This yielded low compression properties which were 
expected (Bessell et al. 1975; Russell and Beaumont 1980). Crystallinity and density 
are explored in Section 7.7 and Section 7.8 respectively. These explain the differences 
in compression properties between the various nylon- 12 parts. 
7.5.2 Crystallinity 
It is difficult to accurately determine the onset of melt and end of melt for a nylon-12 
DSC heating curve between which the base line of the heating curve can be 
extrapolated to determine the heat of fusion. In order to have clear boundaries 
defining the onset and end of melt the first derivative function was used. This 
produces a linear derivative of the DSC curve, making it easier to locate the onset of 
melt and end of melt as shown in Figure 7.23. 
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Figure 7.23: Onset and end of melt determined by I" derivative 
Once these were identified, the base line of the heating curve was extrapolated to 
define the endothermic peak. The heat of fusion for nylon-12 at 100% crystallinity is 
209.3 J/g (Gogolewski et al. 1980). This was used in Equation 5.3 to calculate the 
degree of crystallinity for all the test parts. 
7.5.2.1 Selective Laser Sintered parts 
The DSC heating curves for test parts built at a laser power of 9.5W, 11.5W and 
13.5W are presented in Appendix IV along with a table listing their crystallinity 
values. Figure 7.24 shows a typical DSC curve for SLS nylon- 12. 
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Figure 7.24: DSC heating curve for SLS nylon-12 
The average crystallinity of parts built at 9-5W is 24%, the highest obtained. Those 
produced at 11.5W and 13.5W had 22% and 21% respectively. Figure 7.25 shows the 
degree of crystallinity results due to laser power. 
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Figure 7.25: Effect of laser power on crystallinity 
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The average crystallinity decreased with increasing laser power. This finding was 
similar to that of Zarringhalam (2007) who linked this behaviour to differences in 
unmolten particle core sizes (Section 2.4.5). 
To firmly establish if the crystallinity was due to laser power, a statistical analysis 
was conducted. The results are shown in Table 7.6 with a significance of 0.0 17. This 
makes the laser power statistically significant to crystallinity (Appendix 1) as there is 
a difference in median between a pair of data sets within the population. 
Kruskal Wallis output Crystallinity 
Chi-square 8.180 
Degree of freedom 2 
Asymptotic significance 017 
Table 7.6: Statistical significance of laser power on crystallinity 
Optical microscopy images were taken from the test parts. They showed unmolten 
particle cores and visible spherulitic growth (Figure 7.26, Figure 7.27 and Figure 
7.28). 
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Figure 7.26: Spherulitic growth in 9.5W part 
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Figure 7.27: Spherulitic growth in 11.5W part 
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Figure 7.28: Spherulitic growth in 13.5W part 
Although increasing the energy density reduces the number of unmolten particle cores 
(Zaffinghalam 2007), no evidence could be found to suggest that this was the case in 
this research. As expected, the presence of visible spherulitic growth is as a result of 
the slow cooling rate of SLS. 
7.5.2.2 Cast parts 
All DSC heating curves for the cast test parts are presented in Appendix IV. An 
example of a DSC curve for a cast nylon- 12 part is shown in Figure 7.29. The average 
degree of crystallinity was observed at 21%. This is comparable to SLS parts 
produced at 13.5W. As slower cooling rates are characteristic of SLS and casting, this 
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finding suggests that nylon-12 parts produced by both will result in similar degrees of 
crystallinity. 
Heat flow 
Temp [OC] 
Figure 7.29: DSC heating curve for cast nylon-12 
An optical microscopy image showed evidence of visible spherulitic growth, but no 
unmolten particle cores were observed (Figure 7.30). This indicates a complete melt 
of the powder particles occurred during the casting process. 
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Figure 7.30: Spherulitic growth in a typical cast part 
7.5.2.3 Injection moulded parts 
The DSC results for all injection moulded parts are presented in Appendix IV. Figure 
7.31 is an example of a typical injection moulded DSC curve. The average 
crystallinity of the parts was 21%. This was surprisingly comparable to that of SLS at 
13.5W and casting. 
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Figure 7.31: DSC heating curve for injection moulded nylon-12 
All the curves had a pre-melt (secondary) crystallisation peak just before the onset of 
melt (Figure 7.3 1). The high cooling rates of injection moulded parts in comparison to 
cast and SLS caused amorphous regions to be formed within the parts. These regions 
are effectively locked between the primary crystallised regions as illustrated in Figure 
7.31. As increasing heat goes into the DSC sample, these amorphous areas become 
unlocked and begin the process of molecular rearrangement (pre-melt crystallisation). 
However, this is short-lived as further increase in temperature eventually leads to the 
onset of melt. The occurrence of pre-melt crystallisation has been shown to lead to an 
increase in crystallinity after the event of primary crystallisation (Hatakeyama and 
Quinn 1999; Wang et al. 1999). This may explain why injection moulded crystallinity 
values are comparable to those obtained from SLS test parts built at 13-5W. 
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The parts revealed no visible evidence of spherulitic growth or unmolten particle 
cores in an optical microscopy image (Figure 7.32). They did however appear to be 
'finely-textured'. 
Figure 7.32: Typical optical microscopy image of injection moulded part 
The cool down rate of the polymer was very fast; consequently there are no 
spherulites in Figure 7.32. No definitive conclusions about the presence or lack of 
uninolten cores can be made from Figure 7.32. 
7.5.2.4 Crystallinity and compression properties 
The SLS modulus and strength results were plotted against those of crystallinity in 
Figure 7.33 and Figure 7.34 respectively. These show that as crystallinity increased, 
the compression modulus and strength decreased. This suggests that SLS nylon-12 
parts do not follow typical polymer behaviour where an increase in crystallinity leads 
to an increase in mechanical properties. This behaviour in SLS nylon-12 can be 
attributed to increased DPM with higher sintering temperatures as observed in 
previous research by Zarringhalam (2007). 
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Figure 7.33: Effect of crystallinity on SLS modulus 
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Figure 7.34: Effect of crystallinity on SILS strength 
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To establish the importance of crystallinity to compression properties a statistical 
analysis was conducted. The results are listed in Table 7.7. Using Appendix I it can be 
inferred that crystallinity was statistically insignificant in the compression properties 
of SLS nylon-12. The probability that a difference existed between at least two data 
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13.5 Watts 
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sets in the population was only 69% and 88% for modulus and strength respectively. 
However, this indicated there was greater distinction amongst the compression 
strength parts. 
Kruskal Wallis output Modulus Strength 
Chi-square . 7.104 10.229 
Degree of freedom 6 6 
Asymptotic significance . 311 . 115 Table 7.7: Statistical significance, of crystallinity on compression properties 
The parts produced by casting had the highest compression properties with a similar 
crystallinity to that of parts produced at 13.5W. This was unexpected as the SLS parts 
had longer time to cool down. The density has been investigated in Section 7.8 to 
determine if this is the factor behind the cast compression properties. 
Injection moulded parts had an average modulus which was slightly lower than those 
obtained from SLS parts built at I 1.5W. Compression test results showed they had the 
lowest strength properties of all the parts. The crystallinity was the same as those 
from 13.5W parts. As the rapid cooling rate did not allow for well developed 
spherulitic structures, the compression properties may have been adversely affected 
(Bessell et aL 1975; Russell and Beawnont 1980). A lack of well fonned spherulites 
can result in poor mechanical properties. 
7.5.3 Density 
7.5.3.1 Liquid displacement technique 
The results obtained from SLS density parts built at 9.5W, 11.5W and 13.5W are 
presented in Figure 7.35. A detailed list of all density values can be found in 
Appendix V. The average density for 13.5W parts was 955kg/m 3. This was the 
highest obtained. The parts produced at 9.5W had an average density of 918kg/M3, 
while 944kg/M3 was achieved by I LSW parts. 
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Figure 7.35: Density results from liquid displacement technique 
Although the density increases with laser power, there was a fairly large spread within 
the data. This would suggest a lack of repeatability in either the density parts or 
measurement technique. To determine if a smaller spread in the density results could 
be achieved, the mass-volume density method was used. 
7.5.3.2 Gravirnetric technique 
For this the compression test parts built at 9.5W, 11.5W and 13.5W were used and the 
results are displayed in Figure 7.36. The spread of the density results is much tighter 
than that obtained using the liquid displacement method (Figure 7.35). Consequently, 
these are analysed for the purpose of this research. 
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Figure 7.36: Density results from gravimetric technique 
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The maximum density for modulus and strength parts was 942kg/m 3 and 954kg/m 
3 
respectively at 13.5W. The 11.5W parts had an almost identical average density of 
934k g/M3 and 933k g/M3 for modulus and strength parts respectively. Parts 
manufactured at 9.5W had an average density of 913kg/m 3 and 923k g/M3 for the 
compression modulus and strength parts respectively. These results are listed in Table 
7.8. 
Laser power (W) Modulus density (kg/m') Strength density (kg/m") 
9.5 913 923 
11.5 934 933 
13.5 942 954 
Table 7.8: Density results for modulus and strength parts 
The data revealed that as laser power increased, a rise in density occurred. This was 
previously observed by other investigators such as Caulfield et al. (2007) and Ho ef 
al. (1999; 2003). As the laser power input increased, the melt temperature also 
increased, leading to a reduction in viscosity and hence increased flow. This allowed 
for greater densification to occur between particles as discussed in Section 3-3. 
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A statistical analysis showed that the effect of laser power is statistically significant 
on the density of SLS nylon-12 (Table 7.9). This means there was a less than 5% 
chance that there are no distinctions between at least two data sets in each population 
due to laser power. This would indicate that the density was strongly influenced by 
laser power. 
Kruskal Wallis output Modulus density Strength density 
Chi-square 10.220 8.074 
Degree of freedom 2 2 
Asymptotic significance . 
006 
. 
018 
Table 7.9: Statistical significance of laser power on density 
Optical microscopy was used to view the presence of porosity within the density 
parts. A typical image can be seen in Figure 7.37. Three density parts were taken from 
each data set and viewed under the microscope. These produced a total of nine 
images. All images showed the presence of pores (Appendix VI), but the number of 
pores and degree of porosity were determined after each image was converted into it 
black and white copy (Figure 7.38). 
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Figure 7.37: Optical microscopy image of SLS part 
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Figure 7.38: Outcome of optical microscopy image from Figure 7.40 
The analysis provided information about the number of pores and porosity within an 
area of 2.4mm 2. The porosity from each optical microscopy image was calculated 
using the equation below; 
Porosity 
Total area of pores(mm') 
X100% 2AMM2 Equation 7.2 
The maximum number of pores was observed in the parts built at 9.5W with an 
average of 17. The parts built at 13.5W had an average of 11, the least observed. 
11.5W parts had an average of 14 pores. The effect of the pores on density has been 
shown in Figure 7.39. 
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Figure 7.39: The effect of laser power on the number of pores 
The density of the part increased as the number of pores decreased. This implies that a 
reduction in the number of pores occurred as laser power rose. This was an expected 
outcome as this had previously been observed by Caulfield et al. (2007) and Ho et al. 
(1999; 2003). As the laser power increased, greater sintering took place, leading to 
improved densification between powder particles and subsequently less pores. 
The lowest average porosity calculated was from 9.5W parts at 1.5%. The test parts 
built at 11.5W and 13.5W both had an average porosity of 1.9%. The impact of 
porosity on density has been shown in Figure 7.40. 
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Figure 7.40: The effect of laser power on porosity 
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At 13.5W the porosity level remained the same as that of 11.5W with a further 
increment in density occurring. This finding was visually observed in SEM images 
taken by Ho et al. (1999; 2003). He suggested that this may be as a result of the 
coalescence of interlayer voids and trapped gases that may have been generated 
during sintering. This would have come about due to the efficient melting of the 
polymer at higher laser powers which leads to a sudden melt of the powder material, 
sealing off any gas pores. This may explain the initial rise in porosity when the laser 
power was raised from 9.5W to 11.5W. An additional increment in laser power would 
lower viscosity in the molten polymer. This allowed pores to rise to the surface and 
escape, explaining why there is a slight dip in the porosity data group for 13.5W parts. 
A simulation of how porosity can affect the strength of a SLS part is presented 
Section 7.6. 
7.5.3.3 Cast parts 
The modulus and strength cast parts showed similar average densities to each other at 
around I 000k g/M3. Optical microscopy images from three density parts were obtained 
and a typical image is shown in Figure 7.4 1. 
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The pixel counting technique described in Appendix 11 was used to confirm that the 
cast part contained zero porosity. As casting encourages a complete melt of the 
material through viscous flow, the cast produced compression parts have reduced or 
no porosity compared to those of SLS. During casting the pores within the powder 
had sufficient time to escape as the material became viscous due to the slow warm-up 
phase. This is not the case in SLS where at a powder bed temperature of 170'C the 
laser instantly delivers energy which raises the temperature to 182'C (melt 
temperature). Although viscous flow occurs, there is not enough time for the pores to 
completely escape. 
7.5.3.4 Injection moulded parts 
Injection moulded modulus and strength parts had similar average densities to each 
other at around 965kg/m 3. These are higher than those of SLS. Three optical 
microscopy images were taken from different test parts and a typical image is shown 
in Figure 7.42. 
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Figure 7.41: Optical microscopy image of cast part 
Figure 7.42: Optical microscopy image of injection moulded part 
The image shows no visible presences of pores but appears to have surface 
undulations. The surface undulations are due to process induced residual stresses 
which are released when the sample is sectioned. 
The average density of injection moulded parts was higher than that from SLS but 
lower than that from casting. Injection moulding is conducted under pressure, thereby 
eliminating the occurrence porosity. This ensured that the density was higher than that 
from SLS produced parts which contained pores. The cast parts had a long time to 
cool down, allowing any trapped air sufficient time to escape. The slow cool down 
enabled the development of larger crystals (Figure 7.30) which are known to cause 
higher mechanical properties. A combination of no porosity and larger crystals is the 
reason why the average density from cast parts is higher than that from injection 
moulded parts. 
7.5.3.5 Effect of density on compression properties 
The response of compression properties in all SLS parts due to changes in density is 
presented in Figure 7.43 and Figure 7.44. 
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Figure 7.43: Effect of density on SILS modulus 
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Figure 7.44: Effect of density on compression strength 
As expected, the figures show that an increase in density corresponded with a 
simultaneous increase in compression properties. This observation was as a result of 
the increments made to laser power. The increase in compression properties with an 
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increase in density was not unexpected as previous research by Childs et aL (1999) 
demonstrated this using tensile specimens (Section 2.4.4). 
A statistical analysis to determine the importance of density to compression properties 
was conducted and the results are shown in Table 7.10. From here, the impact of 
density on compression properties was established to be statistically insignificant. 
There was a 55% and 61% probability that a discrepancy existed between at least a 
pair of data sets in the modulus and strength samples respectively. 
Kruskal Wallis output Modulus Strength 
Chi-square 14.000 13.775 
Degree of freedom 14 13 
Asymptotic significance . 450 . 390 Table 7.10: Statistical significance of density on compression properties 
The compression properties of test parts produced by casting were the highest 
achieved. This is most likely due to a reduction in microscopic flaws within the parts 
which can negatively influence the compression properties. In SLS parts, microscopic 
flaws are prominent in the form of porosity. These are most likely forced together 
during compression to strengthen the material (Scheirs 2000), thereby ensuring that 
the compression properties of SLS parts are higher than those of injection moulded 
parts which have greater density values. 
7.6 Effect of porosity on Selective Laser Sintered parts 
To demonstrate how porosity can affect the strength of a SLS part, finite element (FE) 
modelling has been used to replicate its deformation behaviour. The results obtained 
from the FE models are compared with those from the compression tests in order to 
observe what effect porosity had on the test parts. 
The FE models were static nonlinear models i. e. dynamic loading was not applied and 
the plastic region of the stress strain curve was taken into consideration. 2D and 3D 
contact analyses were performed on a compression strength sample over a period of 5 
seconds. These analyses types were chosen as they best represent the compression test 
experimental parameters. For the 2D analysis, plane stress and plane strain eight- 
102 
noded quadrilateral elements were separately used to determine which was closest to 
the material data curve. Plane stress assumes that there is no stress in the z direction of 
the component and a plane strain analysis is one that has no strains in the same 
direction. Eight-noded hexahedron elements were used for the 3D analysis. 
Two. modelling approaches were taken to reproduce the compression tests performed. 
The first involved using modulus and density data acquired from I LSW processed 
parts (Sections 7.61 and 7.82) and cast parts (Section 7.62 and 7.83). The 11.5W parts 
were selected as they were built at default laser power and the cast parts were chosen 
because they showed no evidence of porosity. The models created for this had no 
pores within them. The second approach required establishing the degree of porosity 
of a SLS part and translating that into FE geometry. For this, the theoretical density of 
a SLS part is assumed to be 1000kg/m3 (same as cast nylonl2), while the actual 
density is 933 kg/M3 . By applying Equation 3.7 the porosity within the part is; 
933k g/M 3x 100% = 6.7% 1000k g/M3 
The total porous area equivalent to 6.7% was calculated to be; 
ex Cross sectional area of part = 6.7% x (4mra xI Omm) = 2.68mm 2 
If for example there is a total of 21 pores within the part, each pore would have an 
area of, 
2.68MM2 -- 21pores=0.13mm 2 
Using the area of each pore, its radius r can be detennined i. e.; 
=2 = 0.13 mm2 
r 
Fý. 1-3 
_0 2mm 
7C 
With the radius of the representative pores established, a geometric model with a 
porosity of 6.7% was created in both 2D (Figure 7.45) and 3D before the FE analysis 
commenced. Each model contained a total of 21 pores. 
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Figure 7.45: Porosity in 2D FE model (Ajoku ef A 2006a) 
7.6.1 Results and discussion 
The results from 100% SLS FE modelling shows that the plain stress and 3D curves 
both yield at a load of 170ON after a displacement of 0.48mm (Figure 7.46). It is 
comparable to the experimental compression test curve which has a yield load of 
170ON after 0.5mm. The plain strain curve represents the experimental data less well 
with yield at 1950N after 0.48mm. 
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Figure 7.46: FE modelling results from SLS properties 
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The FE cast modelling results reveal that the plain stress and 3D curves yield at a 
similar load of 180ON after a displacement of 0.3mm (Figure 7.47). Once again this is 
comparable to the physical compression test curve which yields at 180ON after 
0.5mm. The plain strain curve is once again more removed from the experimental 
results with yield at 205ON with a displacement of 0.3mm. 
3000 
2500 
2000 
1500 
1000 
500 
0 
Modulus= 1443 MPa 
Density = 1000 kg/mI 
-compression test 
-plain strain 
-plain stress 
-31) model 
Figure 7.47: FE modelling results from cast properties 
The plain strain curve yields at 160ON after 0.3mm, in FE models with pores (Figure 
7.48). This is the closest to the experimental curve. The 3D curve yields at a slightly 
lower value of 1550N with a displacement of 0.3mm, while the plain stress curve least 
represents the experimental data with a yield load of 130ON at 0.3mm. 
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Figure 7.48: FIR modelling results with 6.7% porosity 
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Unlike Figure 7.46 and Figure 7.47, the FE modelling curves in Figure 7.48 all reach 
yield load sooner than the measured material data curve. This is in agreement with 
similar findings which have previously been published by Ajoku et al. (2006a) and it 
indicates that failure occurs quicker in parts containing pores. Porous parts generally 
experience much higher stresses than non porous parts however, in the case of SLS 
pores can strengthen the part when forced together as highlighted in Section 7.5.3.5. 
Figure 7.49 is a contour plot of a 2D FE model with pores in it. This achieves a 
maximum stress of 66.3MPa after 2.5mm, while a 2D FE model without porosity 
reaches a peak stress of 58MPa in the same distance (Figure 7.50). The maximum 
stress in a porous part occurs at one of the cavities. This is not the case for a fully 
dense part where the peak stress occurs in the comer, at the base of the part. All FE 
contour plots obtained are shown in Appendix VII. The models with cast properties 
all have higher stresses with the presence of pores. 
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The results obtained from the FE modelling showed that porosity dictates the strength 
of a part. As higher density parts have fewer pores, it can be inferred that parts with 
higher densities have greater strength and modulus properties. 
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8 Principle hypothesis and research objectives 
From Chapter 7 it was established that changes in laser power contributed to changes 
in compression properties, crystallinity and density. The relationship between laser 
power and compression properties was statistically significant. However, the 
relationship between crystallinity/density and compression properties was not 
statistically significant. Therefore, sintering temperature may be the main cause of 
changes in compression properties since laser power induces the extra temperature 
required for sintering to occur. Following the outcome of Chapter 7, it was decided 
that further work to investigate how temperature affected the properties of SLS parts 
was needed. 
The temperature distribution across the power bed can lead to disparities in tensile 
strength between parts built in various locations as reported in the literature review 
(Section 2.4.1). Although temperature changes induced by altering laser power could 
not be measured, its effects may be similar to temperature differences across the 
powder bed. Thus the principle hypothesis of this research was that variations in 
temperature by methods other than laser power would also lead to variations in 
compression properties. 
There were four principle research objectives of this study and they were as follows; 
1. Induce temperature variations using the part heater set point and build 
location. 
2. Investigate effect of temperature on compression properties and determine its 
statistical significance 
3. Investigate effect of temperature on crystallinity and density, and determine its 
statistical significance 
4. Investigate effect of crystallinity and density on compression properties, and 
determine their statistical significance. 
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9 Investigating the effects of sintering 
temperature on nylon-12 
9.1 Introduction 
Temperature plays a main role in SLS as highlighted in Section 3.3. If the powder bed 
temperature is too low sintering will not occur and if it is too high the power cake 
becomes hard, making part removal difficult. If the temperature at different positions 
in the bed is known, then the effect of powder bed location on mechanical properties 
can be investigated. 
Using the part heater set point (PHSP) and powder bed location, the temperature input 
into SLS parts was varied. The responses of compression properties, crystallinity and 
density were all measured and analysed using the techniques previously described in 
Section 5.5. A statistical analysis to establish the significance of the results obtained 
was conducted, the outcome of which is presented below. 
9.2 Methodology 
9.2.1 Part building 
The powder bed was divided into 30 build, zones, each measuring 58 x 60 mm 
(Figure 9.1). This is consistent with the work of Saleh (2003) who carried out research 
on tensile and impact properties. Once again virgin powder was used for these 
experiments. 
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Figure 9.1: 30 build zones within the powder bed 
In the middle of each zone five pairs of compression test parts were orientated in the 
z-axis direction and produced as illustrated in Figure 9.2. The distance between each 
build zone was 2.6mm in the x-axis direction and 2.5mm in the y-axis direction. The 
z-axis was used as there was not enough space to orientate all test parts in the x-axis 
direction. 
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Figure 9.2: Compression parts built within each build zone 
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In a separate build three crystallinity parts which measured 4x 10 x4 mm were 
produced (Figure 9.3) to determine the degree of crystallinity in each zone. 
z-axis orient 
parts 
Figure 9.3: Crystallinity parts within each build zone 
> 
Both builds were carried out at a laser power of I 1.5W using the parameters set out in 
Table. 7.1. In addition, these builds were repeated with the PHSP at 1720C, 173T, 
175T and 176T. All parts were allowed to cool down to room temperature before 
they were taken out of the machine. 
9.2.2 Logging temperatures across powder bed 
Before the test parts were built, temperatures in all 30 build zones were logged using 
thermocouples. This was done with the machine door closed. The temperatures were 
acquired with the PHSP set to 172T, 173T, 174T, 175T and 1760C. K-type 
thennocouples were calibrated as detailed in Appendix VIII and used for this 
research. A thermocouple was placed in the centre of each zone. To avoid movements 
during readings, a fixture which contained ceramic connectors was built (Figure 9-4). 
Each connector coincided with the centre of a build zone and maintained the position 
of a thermocouple. 
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The fixture containing thermocouples was placed in the bed and nylon- 12 powder was 
used to cover its entire surface (Figure 9.5). Excess powder was levelled off so that all 
thermocouples were in line with the powder surface (Figure 9.6) before any readings 
were taken. 
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Powder surface 
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lp 
Figure 9.6: Schematic showing tip of thermocouple in line with powder surface 
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Figure 9.4: Fixture holding connector in place 
Figure 9.5: Thermocouples in powder bed 
9.2.3 Nylon-12 properties investigated 
As in Section 7.2.1 compression tests were conducted according to the ISO 604 
standard (ISO 2003). From the data acquired the average modulus and strength was 
determined for each build zone. Using the gravimetric technique the average density 
was established for the individual zones. The crystallinity was investigated as outlined 
in Section 7.2.2. The average crystallinity was obtained for five areas within the bed. 
These were build zones A6, C3, C6, EI and E3. These zones provided crystallinity 
results from the centre, comers and edges of the powder bed. 
9.3 Results and discussion 
After test parts were built at 1740C, the SLS machine was upgraded to HiQ- The 
difference between HiQ and Vanguard is the layer by layer black body calibration 
function.. A black body calibrates the pyrometers every time the roller moves across 
the bed in the HiQ to ensure consistent temperature readings. The Vanguard had no 
such in process calibration option. Silverman et al (2007) reported lower tensile, 
flexural and impact properties after an upgrade to HiQ. However, no explanation was 
given as to why this happened. As a consequence of the machine upgrade, the results 
from parts built at 1740C are not presented in this chapter but are included for 
completeness in Appendix IX 
9.3.1 Temperature distribution across the powder bed 
The temperature measurements across the powder bed for all builds are shown in 
Figure 9.7 - Figure 9.10. Some then-nocouples did not provide readings for their 
allocated build zones because of issues with powder levelling however, sufficient data 
was obtained from the remainder. The figures show generally higher temperatures in 
the centre of the bed in comparison to those along the edges and in the comers. The 
maximum temperature reading came from build zone C4 while the least was from 
zone E I. 
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Figure 9.7: Temperature distribution when PHSP is 1720C 
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Figure 9.8: Temperature distribution when PHSP is 1730C 
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Figure 9.10: Temperature distribution when PHSP is 176'C 
The temperatures in Figure 9.7 - Figure 9.10 do not reach the specified PHSP. This is 
as a result of the way the temperature readings were obtained. While the pyrometer 
took its readings from the powder bed surface, the readings from thermocouples were 
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reliant on contact between powder particles and the welded tips of the thermocouples 
(Figure 9.11). 
Nder particles 
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Figure 9.11: Schematic of contact between particles and thermocouple tip 
The thermocouple tips had a higher thermal mass than the powder particles. The 
average diameter of the particles was 58ym and the measured then-nocouple tips 
averaged I mm in diameter. As the area of contact between each powder particle and a 
thermocouple tip was very small, the heat transfer from the powder to the 
thermocouples was also very small. There were air gaps between the powder particles 
therefore it was impossible to ensure that the entire surface of a welded tip was 
completely in contact with the powder. Thus, some temperature input came from 
powder particles while the rest came from surrounding airflow within the machine. 
For these reasons the thermocouples did not record similar readings to that of the 
machine pyrometer. Nevertheless on average, higher thermocouple readings were 
logged in hotter areas of the bed. 
The results compare well to the findings of DeGrange (2004) in Section 2.4.1, with 
the lowest temperature value recorded in the comer of the bed. However, unlike 
DeGrange (2004) the highest was located in the middle of it. This indicates a slight 
difference in the temperature profile of the machines. Publications by Gomet and 
Davies (2006) and Dalgamo (2007) reported variations in mechanical properties of 
SLS nylon-12 between machines. This signifies a lack of consistency between 
machines. 
The powder bed is surrounded by a stainless steel bounding box which holds SLS 
parts and layers of powder supporting these parts. The heat transfer between the 
powder and the stainless steel would be at a higher rate compared to the heat transfer 
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within the powder. This would account for the uneven temperature distribution across 
the powder bed and the lower temperatures along the edges and in the comers. 
9.3.2 Compression properties 
Figure 9.12 and Figure 9.13 show the modulus and strength results respectively as a 
function of various PHSPs. They both increased as the PHSP increased as expected. 
The PHSP appeared to be more prominent in modulus, although there is a large 
spread in the modulus results obtained at 176T. 
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Figure 9.13: Strength as a function of PHSP 
The relationship between PHSP and compression properties was shown to be 
statistically significant (Table 9.1). This means the PHSP was responsible for the 
difference between at least two data groups within the modulus and strength samples. 
Kruskal Wallis output Modulus Strength 
Chi-square 64.111 31.267 
Degree of freedom 3 3 
Asymptotic significance . 000 . 000 Table 9.1: Statistical significance of PHSP on modulus and strength 
The compression properties varied between zones. The measured zone temperatures 
were plotted against their respective modulus and strength to ascertain whether they 
had any influence on them. Figure 9.14 and Figure 9.15 show the corresponding 
modulus and strength plots. The maximum modulus was 632MPa and the minimum 
strength was 58AMPa. These were obtained from their corresponding build zones C4 
and C3, located in the centre of the bed. The lowest modulus and strength were both 
achieved in zone El at 219MPa and 48.02MPa respectively. This was situated in the 
comer of the powder bed. These findings were expected. They are similar to those 
published by Childs et al. (1999), Childs and Tontowi (2001) and Saleh (2003) as 
discussed in Section 2.4.1. Overall the modulus and strength increased as temperature 
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increased although this improvement of mechanical properties with temperature is 
more prominent in strength parts. 
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Figure 9.14: Modulus as a function of measured zone temperatures 
Figure 9.15: Strength as a function of measured zone temperatures 
A statistical analysis showed that the influence of zone temperature on modulus was 
statistically insignificant but, the influence on strength was statistically significant 
(Table 9.2). This implies that temperature had a 95.8% chance of causing a distinction 
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between at least two sets from the strength parts. On the other hand, the probability of 
temperature causing a difference between at least a pair of modulus data sets is 
93.8%. 
Kruskal Wallis output Modulus Strength 
Chi-square 55.782 57.874 
Degree of freedom 41 41 
Asymptotic significance 1 . 062 . 042 Table 9.2: Statistical significance of zone temperatures on modulus and strength 
As temperatures across the powder bed played such an important role in compression 
properties, the distance from the middle of the bed to the middle of each zone was 
determined (Figure 9.16). These were plotted against the modulus and strength 
readings from each build zone. This method was previously used by Sercombe and 
Hopkinson (2006) to assess the accuracy of SLS aluminium parts. 
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Figure 9.16: Distance between bed centre and zone centres 
Figure 9.17 and Figure 9.18 show a decrease in modulus and strength respectively as 
the distance from the bed centre increases. This suggests that the lower zone 
temperatures measured at the outside of the powder bed caused a reduction in the 
mechanical properties of the parts. This finding is consistent with previous research 
discussed in Section 2.4.1. 
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Figure 9.17: Modulus against bed location 
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Figure 9.18: Strength against bed location 
A statistical analysis showed that the effect of bed location on modulus and strength 
results was statistically significant (Table 9.3). This highlights a difference between at 
least two data groups within the modulus and strength populations because of their 
locations since p :! ý 0.05, making the position of a part on the build bed very 
important to the mechanical properties. 
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Kruskal Wallis output Modulus Strength 
Chi-square 28.182 55.258 
Degree of freedom 8 8 
Asymptotic significance . 000 . 000 Table 9.3: Statistical significance of bed location on modulus and strength 
After consideration, it was concluded that although the laser power was kept constant, 
the beam intensity varied with distance travelled along the powder bed. As the laser 
moves across the bed there is a slight change in the shape of its spot (Figure 9.19). 
When it is in the centre of the bed the laser has a circular spot but, this becomes 
elliptical when it moves into the comers. This leads to lower energy density within a 
single spot and greater overlap between spots, although the distance between spot 
centres remain the same. For sintered parts of similar areas the beam intensity would 
be less in the comers than in the middle of the bed due to the beam shape however, 
the total energy density delivered would be the same. 
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Figure 9.19: Schematic of beam shape in centre and corner of powder bed 
9.3.3 Crystallinity 
Increasing PHSP led to a corresponding decrease in crystallinity (Figure 9.20). This is 
consistent with results previously obtained in Section 7.5.2.1. There is a 99.1% 
probability that PHSP was responsible for varying at least two crystallinity data sets 
(Table 9.4). This means that the impact of PHSP on crystallinity is statistically 
significant. 
Beam overlap 
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Figure 9.20: Crystallinity as a function of PHSP 
Kruskal Wallis output Crystallinity 
_ Chi-square 11.567 
Degree of freedom 3 
Asymptotic significance . 009 Table 9.4: Statistical significance of PHSP on crystallinity 
Crystallinity from the selected build zones were plotted against their relevant 
temperatures for all builds (Figure 9.21). The highest crystallinity was 28.9% from 
build zone El while the lowest was 21.7% from zone C3. The crystallinity decreased 
as the zone temperatures increased. However, there is only a 56.9% chance that the 
temperatures caused a distinction between a minimum of two data groups (Table 9.5). 
This indicates that the effect of zone temperature on crystallinity is statistically 
insignificant. 
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Figure 9.21: Crystallinity as a function of measured zone temperatures 
Kruskal Wallis output Crystallinity 
Chi-square 17.342 
Degree of freedom 17 
Asymptotic significance . 431 Table 9.5: Statistical significance of zone temperatures on crystallinity 
The reduction in crystallinity within the test parts came about due to an increase in 
temperature (from PHSP or bed location) despite temperature being statistically 
insignificant. As pointed out in Section 2.4.5 the crystallinity of unused nylon-12 
powder decreases as the energy density increases. A small increment in energy 
density will cause a small reduction in crystallinity. On the other hand a large 
increment in energy density will lead to large reduction in crystallinity. Based on the 
results obtained, parts built in the centre of the bed had more heat going into them 
compared with those built along the edges and in the comers due to higher zone 
temperatures. However, the impact of PHSP is statistically more relevant to 
crystallinity than the temperature at different locations. 
Figure 9.22 and Figure 9.23 respectively show all modulus and strength data against 
their crystallinity. These reveal that crystallinity decreased as compression properties 
increased. This is similar to the results presented in Section 7.5.2.4. This implies that 
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temperature caused a reduction in crystallinity which in turn caused a rise in modulus 
and strength. 
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Figure 9.22: Modulus as a function of crystallinity 
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Figure 9.23: Strength as a function of crystallinity 
The effect of crystallinity on modulus and strength was statistically insignificant 
(Table 9.6). This was the same outcome from Section 7.5.2.4. There was a 93.6% and 
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77.3% possibility that crystallinity would lead to differences between at least two data 
groups inside the modulus and strength populations respectively. This would indicate 
that the impact of crystallinity is greater on modulus than it is on strength. 
Kruskal Wallis output Modulus 
_ 
Strength 
Chi-square 10.447 6.915 
Degree of freedom 5 5 
Asymptotic significance . 064 . 
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Table 9.6: Statistical significance of crystallinity on compression properties 
9.3.4 Density 
The density of the parts increased as PHSP increased (Figure 9.24). There is a less 
than 5% probability that PHSP caused a variation amongst at least two sample groups 
(Table 9.7). This means the density results are statistically significant due to PHSP 
based on the chi-square table in Appendix 1. 
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Figure 9.24: Density as a function of PHSP 
Kruskal Wallis output Crystallinity 
_ Chi-square 38.982 
Degree of freedom 3 
Asymptotic significance . 000 Table 9.7: Statistical significance of PHSP on density 
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A graph of the density data against their corresponding zone temperatures is shown in 
Figure 9.25. The highest density was from build zone C3 at 1040kg/m 3 and lowest 
density was from zone El at 884kg/m 3. This was similar to work published by 
Griesbach (2005) as reported in Section 2.4.1. A statistical analysis revealed that the 
influence of zone temperature on density was statistically insignificant (Table 9.8). 
This was because there was only an 89% chance that temperature was the reason for 
differences between at least two data sets. 
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Figure 9.25: Density as a function of measured zone temperatures 
Kruskal Wallis output Crystallinity 
Chi-square 52.386 
Degree of freedom 41 
Asymptotic significance . 
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Table 9.8: Statistical significance of zone temperatures on density 
By altering temperature using PHSP or bed location, the density of a part can be 
varied. This is in agreement with results observed in Section 7.5.3.2. This means 
higher temperatures in the bed centre led to greater part densities. It must however be 
noted that there is a better chance of achieving density variation through the PHSP- 
The modulus and strength of the parts increased as their densities increased (Figure 
9.26 and Figure 9.27). This is similar to previous findings discussed in Section 2.4.4 
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and obtained in Section 7.5.3.5. This indicates that the increase in density which was 
as a result of increasing temperature was responsible for improved compression 
properties. 
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Figure 9.26: Modulus as a function of density 
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Figure 9.27: Strength as a function of density 
The effect of density on modulus was statistically significant but the effect of density 
on strength was not (Table 9.9). This is slightly different to the outcome from Section 
7.5.3.5. This signifies that there is a 99.8% probability that density led to the 
distinctions between at least two of the modulus sample groups. There is only a 90.6% 
possibility of the same occurring in the strength parts. Hence as with crystallinity, the 
density had a bigger effect on modulus than strength. 
Kruskal Wallis output Modulus Strength 
Chi-square 82.756 78.194 
Degree of freedom 50 63 
Asymptotic significance 
__. 
002 . 094_ Table 9.9: Statistical significance of density on compression properties 
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10 Conclusions and recommendations for further 
work 
10.1 Conclusions 
Laser power, PHSP and powder bed location were used to prompt changes in 
sintering temperature. Temperature was shown to influence the compression 
properties of SLS nylon-12. Increasing temperature led to greater modulus and 
strength. The percentage crystallinity decreased as temperature increased, and this 
was associated with increased compression properties. On the other hand, an increase 
in density through temperature rise resulted in greater modulus and strength. A table 
summarising the significance of temperature variation on SLS nylon- 12 properties is 
illustrated in Table 10.1. 
Temperature Modulus Strength Crystallinity Density 
varied by 
Laser power 
PHSP 
Bed location 
Statistically significant Not statistically significant 
Table 10.1: Summary of statistical significance of temperature on properties 
Of the process variable investigated, PHSP had the strongest influence on properties 
of SLS nylon-12 test parts. Increasing PHSP had over a 95% probability of altering 
modulus, strength, crystallinity and density (Table 10.1). This suggests that users who 
wish to vary compression properties should look to PHSP as the first parameter to 
manipulate. However, it should be noted that high PHSP is known to make powder 
removal difficult from complex geometries. 
Laser power had the next strongest influence on properties. It was statistically 
significant in varying modulus, strength, crystallinity and density (Table 10.1). For 
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parts with complex geometry where a high PHSP leads to difficult powder removal, 
users should consider altering laser power to influence properties. 
Temperature variation using bed location was statistically insignificant in affecting 
modulus, crystallinity and density, although it had over a 95% chance of altering 
strength (Table 10.1). Overall, bed location had a lower effect on properties compared 
to PHSP or laser power. 
Sintering temperature has been shown to play an important role in the properties of 
SLS nylon-12 parts. The results summarised above show how changing temperature 
in different ways can influence properties. This helps to put the findings of previous 
research by DeGrange (2004), Saleh (2003) and Tontowi and Childs (2001), into the 
effect of bed location on SLS parts into context. 
10.2 Recommendations for further work 
Based on the outcome of this thesis, the following recommendations for further work 
have been made; 
1. Machine parameters such as . scan spacing and scan speed could 
be 
investigated to establish what effect they could have on the compression 
properties of SLS nylon-12. 
2. Alternative suitable materials with a similar thermal conductivity to nylon-12 
could be studied for use as the surrounding bounding box in the SLS machine. 
This could reduce the temperature variation across the powder bed. 
3. Fourier-transform infrared (FTIR) spectroscopy could be used to investigate 
whether the porosity in a SLS nylon-12 material is made up of gases emitted 
from the polymer during the process or nitrogen gas trapped from the 
surrounding atmosphere during void coalescence. 
4. The deformation of SLS nylon-12 parts is dependent on its failure mode. The 
influence of sintering temperature, crystallinity and density on tensile and 
flexural modes of failure could be investigated. 
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5. The statistical significance of the effect of DPM on compression properties of 
SLS nylon-12 could be researched. This may be statistically important in 
dictating the modulus and strength, since crystallinity was shown not to be 
statistically significant. 
6. The effect of molecular weight on compression properties of SLS nylon-12 
could be investigated. This has previously been shown by Zarringhalam et aL 
(2006) to influence the tensile properties of nylon- 12 parts. 
7. The causes of failure behind compression properties of other polymer 
materials such as nylon- II and polycarbonate could be investigated. These 
factors may differ with various materials. For example, crystallinity may have 
a larger- influence on materials capable of achieving high degrees of 
crystallinity. 
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Appendix 1. Chi-square distribution table 
Sig ificance 
df 0.99 0.98 0.95 0.9 0.8 0.7 0.5 0.3 0.2 0.1 05 .0 0.02 0.01 -0 
--L 
0.0002 0.0006 0.004 0.02 0.06 0.15 0.46 1.07 1.64 2.71 3.84 5.41 6.64 10.8 
2 0.02 0.04 0.1 0.21 0.45 0.71 1.39 2.41 3.22 4.6 5.99 7.82 9.21 13.8 
3 0.12 0.18 0.35 0.58 1 1.42 2.37 3.66 4.64 6.25 7.82 9.84 11.3 16.3 
4 0.3 0.43 0.71 1.06 1.65 2.2 3.36 4.88 5.99 7.78 9.49 11.7 13.3 18.5 
5 0.55 0.75 1.14 1.61 2.34 3 4.35 6.06 7.29 9.24 11.1 13.4 15.1 20.5 
6 0.87 1.13 1.64 2.2 3.07 3.83 5.35 7.23 8.56 10.6 12.6 15 16.8 22.5 
7 1.24 1.56 2.17 2.83 3.82 4.67 6.35 8.38 9.8 12 14.1 16.6 18.5 24.3 
8 1.65 2.03 2.73 3.49 4.59 5.53 7.34 9.52 11 13.4 15.5 18.2 20.1 26.1 
9 2.09 2.53 3.32 4.17 5.38 6.39 8.34 10.7 12.2 14.7 16.9 19.7 21.7 27.9 
10 2.56 3.06 3.94 4.86 6.18 7.27 9.34 11.8 13.4 16 18.3 21.2 23.2 29.6 
11 3.05 3.61 4.58 5.58 6.99 8.15 10.3 12.9 14.6 17.3 19.7 22.6 24.7 31.3 
12 3.57 4.18 5.23 6.3 7.81 9.03 11.3 14 15.8 18.6 21 24.1 26.2 32.9 
13 4.11 ý4.76 5.89 7.04 8.63 9.93 12.3 15.1 17 19.8 22.4 25.5 27.7 34.5 
14 4.66 5.37 6.57 7.79 9.47 10.8 13.3 16.2 18.2 21.1 23.7 26.9 29.1 36.1 
15 5.23 5.98 7.26 8.55 10.3 11.7 14.3 17.3 19.3 22.3 25 28.3 30.6 37.7 
16 5.81 6.61 7.96 9.31 11.2 12.6 15.3 18.4 20.5 23.5 26.3 29.6 32 39.3 
17 6.41 7.26 8.67 10.1 12 13.5 16.3 19.5 21.6 24.8 27.6 31 33.4 40.8 
18 7.02 7.91 9.39 10.9 12.9 14.4 17.3 20.6 22.8 26 28.9 32.4 34.8 42.3 
19 7.63 8.57 10.12 11.7 13.7 15.4 18.3 21.7 23.9 27.2 30.1 33.7 36.2 43.8 
20 8.26 9.24 10.85 12.4 14.6 16.3 19.3- 22.8 25 28.4 31.4 35 37.6 45.3 
21 8.9 9.92 11-59 13.2 15.4 17.2 20.3 23.9 26.2 29.6 32.7 36.3 38.9 46.8 
22 9.54 10.6 12.34 14 16.3 18.1 21.2 24.9 27.3 30.8 33.9 37.7 40.3 48.3 
23 10.2 11.29 13.09 14.9 17.2 19 22.3 26 28.4 32 35.2 39 41.6 49.7 
24 10.86 11.99 13.85 _ 15.7 18.1 19.9 23.3 27.1 29.6 33.2 36.4 40.3 43 51.2 
25 11.52 12.7 14.61 16.5 18.9 20.9 24.3 28.2 30.7 34.4 37.7 41.6 44.3 52.6 
26 12.2 13.41 15.38 17.3 19.8 21.8 25.3 29.3 31.8 35.6 38.9 42.9 45.6 54.1 
- 
- 
27 12.88 14.12 16.15 18.1 20.7 22.7 26.3 30.3 32.9 36.7 40.1 44.1 47 55.5 
8 13.56 14.85 16.93 18.9 21.6 23.7 27.3 31.4 34 37.9 41.3 45.4 48.3 56.9 t 
9 9 14.26 15.57 17.71 19.8 22.5 24.6 28.3 32.5 35 1 39.1 42.6 
- - - - 
46.7 
- - 
49.6 58.3 
30 14.95 16.31 18.49- 120.6 --B-A 25.5 29.3 33.5 3K3 40.3 4 T 8 r 4 8 50.9 1- 59. 
Table 1- 1: Chi-square table 
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Appendix II. Optical microscopy analysis 
procedure 
A digital optical microscopy image of a microtomed sample was first taken using the 
Leica DMRXP optical microscope, after which it was imported into the UTHSCSA 
ImageTool software. The optical microscopy photo was then converted from a colour 
to a greyscale image before the analysis process could begin as shown in Figure 11-1. 
This was done in order to separate the sample image from the background. 
A threshold was then added to the greyscale image so that a binary image could be 
derived. The threshold function uses a histogram of the greyscale image to allow for 
adequate adjustments (Figure 11-2), with the red pixels representing the greyscales that 
fall between the histogram range. Some greyscale pixels may remain in grey, and this 
occurs when they fall outside the range. Once the adjustments on the histogram were 
satisfactory, a new binary image was created where the red pixels now show as black 
and the grey now appear as white (Figure 11-3). The black pixels represent the porous 
regions within the specimen while the white pixels represent the non-porous areas of 
the specimen. The number of pores and porosity (using the area measurement tool) is 
subsequently determined from the region of interest. 
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Figure 11- 1: Converting colour image to greyscale image 
Figure 11- 3: Black and white image used to determine the number of pores and porosity 
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Figure 11- 2: Applying the threshold function 
Appendix III. Modulus and strength results 
Laser Modulus (MPa) 
Power (W) Test part I Test part 2 Test part 3 Test part 4 Test part 5 Average 
9.5 603.02 580.34 612.16 553.15 700.80 609.89 
10.5 792.20 918.71 576.37 620.51 893.16 760.19 
11.0 763.19 878.12 680.35 845.36 674.26 768.26 
11.5 811.77 852.06 936.06 951.29 627.85 835.81 
12.0 849.35 753.89 740.23 716.57 946.57 801.32 
12.5 829.23 836.94 806.51 821.48 866.29 832.09 
13.5 930.56 755.03 830.34 1052.33 1053.40 840.86 
Table 111- 1: Modulus of SLS parts 
Laser Strength (MPa) 
Power (W) Test part I Test part 2 Test part 3 Test part 4 Test part 5 Average 
9.5 ý57.35 52.46 52.29 53.31 54.07 53.90 
10.5 54.58 58.20 56.97 57.64 59.21 57.32 
11.0 58.71 5435 58.12 58.78 58.16 57.70 
11.5 57.37 63.23 51.97 63.70 55.68 58.39 
12.0 53.02 63.87 57.09 56.98 65.46 ý59.28 
12.5 59.04 54.39 61.59 62.43 59.32 59.35 
13.5 60.53 60.30 60.78 57.56 57.95 59.42 
rable 111- 2: Strength of SLS parts 
Test Cast n Ion-12 Injection moulded nylon-12 
Part Modulus (MPa) Strength (MPa) Modulus (MPa) Strength (MPa) 
1 1411 67 761 51 
2 1410 64 715 51 
3 1428 62 667 51 
4 1481 67 1001 50 
51 1484 63 952 51 
L-Average 1 1443 65- 820 51 
I'able 111- 3: Compression properties of cast and Injection moulded parts 
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Appendix IV. DSC results 
Laser Material Sa pie Num ber A ra e 
power (W) Property 1 2 3 4 5 
ve g 
9.5 Crystallinity 24.5 24.1 25.5 23.1 23.1 24.0 
11.5 Crystallinity 21.4 22.5 23.5 21.1 21.5 22.0 
13.5 Crystallinity 20.5 18.9 22.9 22.2 21.8 21.3 
Table IV- 1: Effect of laser power on crystallinity 
Crystallinity (%) 
Sample No. Cast Injection moulded 
1 22.01 20.37 
2 19.07 21.71 
3 20.04 19.72 
4 20.67 21.45 
5 22.18 21.16 
A verage 20.80 20.08 
Table VIII. 1: Crystallinity of cast and injection moulded parts 
DSC curves of SLS parts built at 9.5W 
Heat flow 
MW/Mg 
1.50 
1.00 
0.50 
0.00 
-0.50 
Heat -51.18J/g 
-1.00 
-1.50 179.49C 
20--40-60-86--l-WO -1 MO -1 4b 160 --- 180 ' 20-0 
Temp [OC] 
Figure IV- 1: DSC curve of Sample I 
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Heat flow 
Temp [OC] 
Figure IV- 2: DSC curve of Sample 2 
Heat flow 
Temp [OC] 
Figure IV- 3: DSC curve of Sample 3 
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Heat flow 
Temp [OC) 
Figure IV- 4: DSC curve of Sample 4 
Heat flow 
Temp [OC] 
Figure IV- 5: DSC curve of Sample 5 
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DSC curves of SLS parts built at 11.5W 
Heat flow 
Temp [OC] 
Figure IV- 6: DSC curve of Sample I 
Heat flow 
mw/mg 
Temp [OC] 
Figure IV- 7: DSC curve of Sample 2 
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Heat flow 
Temp [OC) 
Figure IV- 8: DSC curve of Sample 3 
Heat flow 
Temp [OC] 
Figure IV- 9: DSC curve of Sample 4 
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Heat flow 
Temp [OC] 
Figure IV- 10: DSC curve of Sample 5 
DSC curves of SLS parts built at 13.5W 
Heat flow 
Temp [OC] 
Figure IV- 11: DSC curve of Sample I 
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Heat flow 
Temp [OC] 
Figure IV- 12: DSC curve of Sample 2 
Heat flow 
Temp [OC] 
Figure IV- 13: DSC curve of Sample 3 
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Heat flow 
Temp (OC] 
Figure IV- 14: DSC curve of Sample 4 
Heat flow 
Temp [OC] 
Figure IV- 15: DSC curve of Sample 5 
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Crystallinity of cast parts 
Heat flow 
Heat 46.06J/g 
1 79.96C 
126-146-166-180-200-2 
Temp [OC] 
Figure IV- 16: DSC curve for Sample I 
Heat flow 
m 
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Temp [OC] 
Figure IV- 17: DSC curve for Sample 2 
Heat flow 
Temp [OC] 
Figure IV- 18: DSC curve for Sample 3 
Heat flow 
Temp [OC] 
Figure IV- 19: DSC curve for Sample 4 
160 
Heat flow 
Temp [OC] 
Figure IV- 20: DSC curve for Sample 5 
Crystallinity of injection moulded parts 
Heat flow 
mW/MG 
1.5c 
I. Oc 
0.5C 
-1 
-1 
Heat -42.64J/g 
179.25C 
20 40 60 80 100 120 140 160 180 
Temp [OC] 
Figure IV- 21: DSC curve for Sample I 
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Heat flow 
Temp [OC] 
Figure IV- 22: DSC curve for Sample 2 
Heat flow 
Temp [OC] 
Figure IV- 23: DSC curve for Sample 3 
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Heat flow 
Temp [OC] 
Figure IV- 24: DSC curve for Sample 4 
Heat flow 
Temp [OC] 
Figure IV- 25: DSC curve for Sample 5 
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Appendix V. Density results 
Laser Density (kg/m") Average 
power(W) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 
9.5 864 978 895 974 881 918 
11.5 910, 952 979 955 926 944 
13.5 998 913 968 946 951 955 
Figure V- 1: SLS density results from the liquid displacement method 
Laser Compression Density (kg/m, 3) Average 
_Power(W) 
Property (MPa) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 
9.5 Modulus 922 924 901 906 911 913 
Strength 918 917 921 939 921 923 
11.5 Modulus 937, 929 946 932 928 934 
Strength 920 935 928 925 959 933 
13.5 Modulus 956 938 951 930 934 942 
I-- 
Strength 960 958 945 951 955 954 
Figure V- 2: SLS density results from the mass volume method 
Sample Density (kj! /m") 
Number Cast Injection moulded 
Modulus Strength Modulus Strength 
1 998 995 973 962 
2 1008 1003 962 964 
3 990 1010 974 960 
4 1007 999 955 964 
5 992 991 954 973 
Amerage 999 1000 964 965 
Figure V- 3: Density of cast and injection moulded parts 
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Appendix VI. Image analysis results 
Size or area of por s (mm') 
-- Number of pores Sample 1 Sample 2 Sample 3 
1 0.001284 0.000573 0.002471 
2 0.002021 0.004665 0.003552 
3 0.002041 0.000833 0.000908 
4 0.002087 0.000898 0.000356 
5 0.000919 0.001016 0.002326 
6 0.002557 0.000885 0.003787 
7 0.001608 0.001643 0.000793 
8 0.002072 0.001259 0.000693 
9 0.004951 0.002904 0.001823 
10 0.002914 0.004328 0.000317 
11 0.003888 0.000547 0.001454 
12 0.005076 0.001210 0.000678 
13 0.003421 0.003765 0.000417 
14 0.002873 0.000830 0.003968 
15 0.001031 0.002315 0.001133 
16 0.002372 0.001490 
17 0.000791 0.007685 
18 0.001344 0.007118 
Total area of pores (mml) 0.038744 0.032179 0.040969 
Porosity within 2.4 MM2 area V, on 1.6 1.3 1.7 
Table V1- 1: Results from 9.5W parts 
Size or area of pore (MMI) 
Number of pores Sample 1 Sample 2 Sample 3 
1 0.001587 0.000409 0.001506 
2 0.001491 0.002664 0.003436 
3 0.002402 0.005230 0.000717 
4 0.001444 0.001557 0.000611 
5 0.002990 0.002804 0.002198 
6 0.001720 0.003242 _ 0.001134 
7 0.005491 0.004803 0.004035 
8 0.003539 0.003543 0.003255 
9 0.001288 0.004701 0.001415 
_ 10 _ 0.002226 0.001224 0.001275 
11 0.000571 _ 0.001183 0.005392 
12 0.004365 0.005256 0.006462- 
13 0.005727 0.005838 0.009164 
14 0.006911 0.007898 0.001556 
Total area of pores (mm 0.041751 0.050351 0.042156 " Porosity within 2.4 mm' areal%) 1.8 2.1 
1 
1.8 
fable VI- 2: Results from 11-5W parts 
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Size or area of pore, (mm') 
Number of pores Sample I Sample 2 Sample 3 
1 0.001241 0.002578 0.001128 
2 0.005530 0.001734 0.007685 
3 0.001902 0.002822 0.000940 
4 0.005898 0.002515 0.003881 
5 0.004494 0.001018 0.002657 
6 0.004560 0.006374 0.005155 
7 0.005686 0.001160 0.002054 
8 0.007265 0.004847 0.003650 
9 0.005369 0.007284 0.003740 
10 0.004284 0.003674 0.002128 
11 0.006501 0.003963 
12 0.007856 0.003389 
Total area of pores (MM2) 0.046231 0.048364 0.040371 
Porosity within 2.4 MM2 area 1.9% 2.0% 1.7% 
Table Vl- 3: Results from 13.5W parts 
SLS parts at 9.5W 
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Figure VI- 1: Image from Sample I 
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Figure VI- 2: Processed image of Sample 1 from 9.5W 
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Figure Vl- 3: linage from Sample 2 
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Figure Vl- 6: Processed image of Sample 3 from 9.5W 
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Figure VI- 7: Image from -Sal"ple I 
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Figure Vl- 8: Processed image of Sample I from 11.5W 
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Figure Vl- 9: Image from Sample 2 
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Figure Vl- 10: Processed image of Sample 2 from 11-5W 
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Figure VI- 11: Image from Sample 3 
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Figure Vl- 13: Image from Sample I 
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Figure Vl- 15: Image from Sample 2 
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Figure VI- 17: Image from Sample 3 
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Figure Vl- 18: Processed image of Sample 3 at 16.5W 
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Appendix VII. Finite element contour plots 
Figure VII- 1: Plain strain deformation using SILS properties 
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Figure V11- 5: Plain stress deformation using cast properties 
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Figure V11- 6: 3D model deformation using cast properties 
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Figure VII- 8: Plain stress deformation using cast properties in porous part 
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Figure V11- 9: 3D model deformation using cast properties in porous part 
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Appendix VIII. Thermocouple calibration 
The thennocouples used were K-type with welded tips. The required working range 
was between 20'C to 200'C. These were calibrated against a UKAS laboratory 
thermocouple at O'C and 100'C. 
The thermocouples were first placed in crushed ice at approximately O'C. This 
measured water at the point of melting. The thermocouples were all attached together 
so that their tips were located at the same position. The readings from the data logger 
showed a deviation of ±3'C (Figure Vlll- 1). 
4 
3 
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-4 
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Time (mins) 
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T26 T27 ---T28 T29 T30 
T31 (Calibrated) 
Figure V111- 1: Results of thermocouple calibration using crushed ice 
The thermocouples were calibrated at the boiling point of distilled water. This was 
done by placing the thermocouples 2cm over the boiling water. The water was in a 
conical beaker which had its entrance packed with cotton wool. The thennocouples 
were again held together and their tips were at identical positions. As the water boiled 
the thermocouples measured the temperatures and results are presented in Figure 
VIII-2. There is a deviation of ±4'C when the calibrated thermocouple reads I OO'C. 
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Figure V111- 2: 
The data obtained from the K-type thermocouples were then plotted against the 
calibrated thermocouple (Figure VIII-3 - Figure VIII-32). Line equations were 
derived from the graphs and used to correct the readings from the thermocouples. 
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Figure Vill- 6: Calibration of T4 
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Figure VIII- 7: Calibration of T5 
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Figure V111- 21: Calibration of T19 
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Figure V111- 16: Calibration of T14 
Figure VIll- 18: Calibration of T16 
Figure V111- 20: Calibration of T18 
Figure Vill- 22: Calibration of T20 
184 
20 40 60 80 100 120 
Calibrated thermocouple 
20 40 60 80 100 120 
Calibrated thermocouple 
20 40 60 80 100 120 
Calibrated thermocouple 
20 40 60 80 100 120 
Calibrated thermocouple 
0 20 40 60 80 100 120 
Calibrated thermocouple 
Figure VIII- 19: Calibration of T17 
20 40 60 80 100 120 
Calibrated thermocouple 
20 40 60 80 100 120 
Calibrated thermocouple 
20 40 60 80 100 120 
Calibrated thermocouple 
120 
100 
80 
CL 
60 
40 
E 
20 
0 
-20 
120 
100 
so 
60 
E 40 
40 
F 20 
0 
120 T 
Ln loo N 
0 
so 
0 
V 60 
0 
r: 40 
v 
F- 20 - 
0# 
120 
loo 
CL so 
60 
E 40 
20 
0 
I 
120 
r4 100 
60 
"0 
E 40 
20 
0 
0 20 40 60 so 100 120 
Calibrated thermocouple 
Figure V111- 24: Calibration of T22 
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Figure Vill- 26: Calibration of T24 
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Figure Vill- 28: Calibration of T26 
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Appendix IX. Results at PHSP set to 174'C 
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Figure IX -1 : Temperature distribution when PHSP is 174'C 
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Figure IX - 2: Modulus as a function of PHSP 
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Figure IX - 3: Modulus as a function of measured zone temperatures 
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Figure IX - 4: Strength as a function of PHSP 
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Figure IX - 5: Strength as a function of measured zone temperatures 
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Figure IX - 6: Crystallinity as a function of PHSP 
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Figure IX - 8: Density as a function of PHSP 
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Figure IX - 7: Crystallinity as a function of measured zone temperatures 
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Figure IX - 9: Density as a function of measured zone temperatures 
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Experimental measurement and finite element modelling of the 
compressive properties of laser sintered Nylon- 12 
Uzorna Ajokul", Neil HopkinsonA, Mike Caine 
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Abstract 
Laser sintexing IS A layer based manufacturing technique of lginally used to create prototypes. but Is increasing used for manufacture. Porosity. 
which is an h9wrent part of the law sinteringprocess. has aneffectoncomponentsproduced. In M reportNylon, t2which Is a materialdevelopad 
for use with the laser sintering process, was used to produce compression test pift using the User sintefing and injection moulding processes. Parts 
tested to the ISO 604 standard showed differences In the mechandcal properties bemven Law sintered and Injection moulded produced Nylon- 12 
p2rts. Finite element inodelling was used to replicate this behaviour and the experimental test results were wed to validate the models. 
The compression tests showed that the modulus for the laser sintered Nylon, 12 was 10% below the Injection moulded Nylon-12, which Is 
consistent with 11ndirW from powder metallurgy. However, them weft discrepancies with the Strength values as the lase sIntered strengh values 
were sho%m to be larger than those of the Injection moulded Nylon-12 due to Its poor toughms. Tbe flifite element modelling showed a reasonable 
approximation of the experimental tests. with the 3D models more accurate than the 2D MOM& 
0 2006 Elsevier B. V. All rights reservect. 
Jrt)wrdL- LikscriiintedorNytori-12ýPoro&ity; CompreWontett&; RiLpidmiLnufadluinZ 
1. Intmduction 
Laser sintering (LS) is a leading rapid prototyping (RP) 
technology which uses an additive manufacturing process for 
component fabrication. Components are built from CAD files 
which are sent directly to the LS machine. A wide range of 
materials which include polymers, metals and ceramics are cur- 
rently available for use in the LS process. In LS, a thin layer 
of powder material is deposited onto a pre-heated build area 
and then a COI laser scans a layer of the part being produced, 
sintering the powder wberever it scans to form a 2.1) layer of 
the part. A new layer of powder is spread on top of the previ, 
ous layer and the process is repeated until the 3D component 
is completed. The un-sintcred powder material acts as a sup- 
port during the build process and this is brushed away when the 
pwt is completed 111. For polymers, the LS process can be used 
on amorphous or semi-crystalline polymer powders. For amor- 
CotresporxMV iiudior. TcL., +44 1509 227564. fax: 444 1309 227549. 
E-xidit a&Wsr UJLAjoku* lborose. ok (U. Ajokvjý 
phows polymers, the build area is pre-heatod to a temperature 
below its glass transition temperziure (TV), before a C02 laser 
scans a layer of a part on it. The extra heat provided by the laser 
allows sintering to occur at TS, In the cast of a semi-crystalline 
polymer, the build area is pre-heated to a temperature below its 
melting point (Tn). When the C02 laser %can% the part. siattring 
occurs at T, due to the extra heat provided by it. 
The advantages and disadvantages of the LS process are wcll. 
documented 12-41 and it has evolved from just a RP technology 
to a rapid tooling (RT) [5-71 and rapid manufacturing (11M) 
19-101 technology. Previous work to asiesi the credibility of 
using the L. S process as a RM technology has shown that it could 
be cost effective for up to 14,000 units of a small complicated 
part, although injection moulding Is still best for high volume 
production J 111. With the emergence of RNI, it is Important to 
ensure that parts produced from the LS process are compiLra. 
ble with the parts produced from other manufacturing processes 
(e. g. injection moulding). 
A characteristic of laser siatered compontnti is the presence 
of pores. During polymtrLS, porei can arise as a result of uneven 
heat distribution within the build amL, inadequate heat supply 
0921-50931$- see frat mattcrC2006ElwvicrB. V. All rights mcrved. 
dOW0.101 &limea. 2006.05.0 19 
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Fig, 1. SEM showing porosity within a crms-iccbonal area in a ljýcr sintcrcd 
pan. 
from the laser and insufficient process temperatures. These pores 
do not have any defi nite size. shape and location within a sinte red 
component a-; shown in Fig. 1. Porosity is a measure of the 
total pores within a sintered part and is generally expressed as 
a fraction or percentage. Porosity has been shown to have a 
negative impact on the mechanical properties of sintered metal 
components [121. These include modulus. strength. ductility. 
fatigue. fracture and Poisson's ratio. Previous work suggests that 
the den%ity of a sintered part can be correlated to its modulus and 
%trength [ 121. For modulus, the correlation can he made using 
Eq. ( 1): 
E= E0(4)1. 
where E i% the %intered modulus and&, i%tlw fu II densityela-stic 
modulus. The exponent Y rangeN between 0.3 and 4 cL% a result 
of sen%ifivity to pore structure. A is the fractiorud density of the 
component. 
With strength. the correlation is made using: 
a= Ker. (A)". 
where a is the sintered strength. a,, the wrought strength of the 
%ame material, Ka geometric and processing constant similar to 
, "Mress concentration factor and m isthe exponential dependence 
on fractional den%ity. Generally. m ranges from 3 to 6 and along 
with K i% dependent on pore morphology. 
Eq%. ( 1) and (2) have been proven for sintered metals and 
the results indicate that the modulus and strength of a sintered 
component has a direct correlation to it-, den,; ity [ 121. 
Dalgarno and Goodridge [13] conducted it %erie% of com- 
Pression tests to determine thesuitability Cif ]a)rer manufactured 
Inetal pail% for load bearing applications. The r---%uit% ; howed 
that the LaserForm ST- I 00-which is laser sintered. ARCAM 
H13 (tool Ntccl uld PriAlctal inatcriakha%c oqui% A cill ý- ý' n III C', - 
Nwn moduli to that -A a standard mild %teci and k: an %%itlvýtajld 
, iýnificant, gtresse%. The EOS, Direct Steel (50 pni I which is also 
isintered. has a lower stiffness hut can %till withstand signifi- 
cant loads. Thi% demonstrates that lawr sintered components 
compare favourably with those produced u%ing other manufac- 
turing processes. In this study. compression tests performed on 
lav. r %intered and injection ni(vilded part%. made front the same 
Nylon- 12 pK-, wder were used to show the effects of molecular- 
wak stiffness (material oompressive modulu%) and the effects. 
of %tiffness (measured cornpre%%i%c m-LWjuIu-; ) in 
laser %interedsampies. A cro%%-section of an injection ju,, xilded 
Nykin-12 part showed no porosity (see Fig. 2). hence this was 
considered 100% den%e and used it% a hcrk: hinark for this study. 
Finite element (FE) models created u%ing MSC Patran/Marc 
werc u%ed to replicate thi% hchaviour and inw-Aigate di%crep- 
ancies betwoen laser %intcred and injection moulded Nylon- 12. 
In order to evaluate the validity ofthe model. the experimental 
results were compared with the FE %imulation rc,., ult% and hand 
calculations. 
2. Fxperiewnial taid thlite clenwist methodologies 
2.1. ETerinwnfalprocedum 
For the experiment%. five strength and modulu-. com- 
pre'. N conforming to the ISO bO4 %tandard . sive terds -; ampl, 1141 were each produced oing the LS and injection mkvuld- 
inF processes. The cojjjprc%%t%, c strength samples mcawred 
10 mrn x4 mrn x 50 nim while the compressive modulu% %am- 
ple% measured 10 mm x4 mm x 10 nmi. The prcw%% pdrame- 
ters used to manufacture the test saniple% are li,; tcd in Table 1. 
The laser sintered test sampie% were built in the centre of' 
the build area on a 3D Sy,; tcms Vanguard-Sl LS machine. The 
test %ample% were placed along: the x-axi% orientation to &: hieve 
maximum sinterinp and density as %hown in Fig. 3. 
The mould% u%ed for the injection moulding were made u%ing 
(aimther RP technology). from a the stereolithography proc 
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Table I 
Process pamartm used for the LS and injection moulding of parts 
. 113 
Laser sintering paraincters. Injection moulding parameters 
Laser power (W) II Mould material BIVC*k)nCTM 
OuOlne laser power (W) 5 Material drying 4h at SOOC 
Laser scan spacing (snm) 0.15 Injectit-wis moulding brinpersture ('Ci 210 
Layer diickness (mm) 0.1 Cycle ti me (s 1 10 
Laser scan speed finin/s) 501) Tool temperature prior to inookling (IC) 23 
Laser scan direction X-qWs ordy Cooling time prior to mould opening(%) 10 
Partic Ic si zc (mm) 58 x 10-3 Cooling time (s) 10 
TcnVff ature of sintcring rooin (-*C) 23 
nano-composite plastic called BluestoneTm. Compression tests 
were conducted on both sets of test samples according to the ISO 
604 standard [ 141. using a Zwick Universal testing, machine with 
a 10 kN load cell. All test% were conducted in a temperature and 
humidity controlled environment. which was set at 2OcC and 
40% relative humidity. 
2.2. Finite element modelling technique 
Data from the compression tests was used in static nonlin- 
car FE mock-is to replicate the mode of deformation. A 2D and 
3D contact analysis was performed on the compressive strength 
sample and the loading applied via di%plwement over a tcgal 
time of 60 s. 
For the 2D analysis, plane %tres, % and plane strain eight-noded 
quadrilateral elements were separately used to assess which was 
the closest to the material data curve obtained from the compres- 
%ion tests. while eight-noded hexahedron elements were used for 
the 3D analyst%. The van mises yield criteria was used to assess 
the material nonlinear behaviour. Two modelling approaches 
were taken to replicate the compression test performed. The first 
approach involved using the material data result% obtained from 
the compression testing of the injection moulded and laser sin- 
tered parts to replicate the tests performed. The set-ond approach 
required determining the densities of laser %intered and injec- 
tion moulded Nylon-12 parts. and then translating the degree 
of porosity in a loser sintered component to the FE geometry. 
The densirf a laser sintered Nylon-12. pl, wasmea., Quredto be 
0.96g/cm while the density of an injection moulded Nylon- 12. 
pir. wits measured to be 1.0.1 &m-1. This%how-, a 7% porosity 
z 
Fig. 3. Orientation of lawr sinwrad compressive Parts. 
Own dim. 
POM 
Fig. 4. Porosity and mesh in a 2D coqpmsiw arength model. 
within the la"Cr5intered Nylon-12. To effectively replicate thi%.. 
voids were placed in the 2D geometric m-Act u%ed for the FE 
analysis asshown in Fig. 4. The void% represent the 7r porosity 
ina 1&%er %intered Nylon- I 2, ximponent. Tlw material properties 
of the injection moulded Nylv-ln- 12 was used and result% tixained 
were compared with that of the ld%Cr %intefvd in%xlel, 
3. Results twid di%cussion 
3.1. ETetinwntalresulls 
The cornpre%sion test re%ult,; %hawed an averafe inodulu% 
(Ei, )of 820 MPa from asampleof five for the injection m-milded 
Nylon-12 (sm Fig. 5). The laser %intered Nylon-12 showed an 
average modulu% (E,, ) of 741 MPA (see Fig. 6) as expected. Ilie 
value of Y from Eq. (1) for la%a %intered Nylon- 12 can now he 
determined from: 
(0.96g/%: m3 
,: M_l 
741 MPa = 8-"., 0 kipa T-()3"g/cm I 
a% Y- 1.45. 
This value fall% within the expected range for Y (0.3-4). 
which indicate% that EI, for polyrner% does follow Eq. (1). just 
as obwrved in powder rnetallu rgy. 
From a %arnple of five. the average %trength (ai, ) for the 
injection moulded Nylon- 1 22 i, S) MPa (%. -e Fig. 7) and the aver- 
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dge strength (at, ) for the laser sintered Nylon- 12 is 54 MPa 
(see Fig. 8). These results are surprising as it was expected that 
al, < ai.. Fig. 7 also shows that injection moulded Nylon- 12 has 
greater ductility when compared with that of the laser sintered 
Nylon- 12 (FiF. 8). 
Generally. materials with high strength and high ductility 
have good toughnes% but materials. with high strength and little 
I Av ip sakm 20ongS of U Ws 
a 10 12 14 Iß la 20 
Strwn (%) 
Fix. 7. compression or stresm-strain cunvs from injection nxvkled Nylon-I 
It"th samples. 
I 
Fig S. Comprcssion of amm-sumn curvcs frtmn lawr sirdercd Nylon-12 
str"th mmples. 
or no ductility exhitit poor toughness [ 15 1. Toughness which is a 
measure of the energy absorbed tinder impact loading. is 0) J/m 
for a notched inject ion moulded Nylon-12 testspecimen which 
has undergone I zod impact testing 1161. lAod impact test results 
indicate that notched la%a %intered Nylon-12 has a toughness 
value of _1.8 
kj/m2 (mechanically notched) or 4.5 kJ/m2 (laser 
sintered notched) 1171. which is 15.6 or 18.5 Pin. re%pectively. 
By injection moulding Nylon- 12. them is a %ligh(decrea%e in the 
c-c-impres%ton strength but a significant gain in the Izod impact 
energy since more plastic work can he done before the %train 
in the plastic zone is sufficicrit to fracture the test pail. Hence. 
although the compression strength values of the laser %intered 
and injection moulding Nylon- 12 am comparable. the greater 
ductility of the injo: tion moulded Nylon-12 allow% it to %how 
pooci toughness. 
In order to determine K and m from Eq. (2). seven compres- 
sion strength test piece% along with %even rectangular compo- 
nerivs nica, -urinp 4 mat x4 mm x 10 min from which the den%i- 
ties were measured. were built in the centre of the LS machine 
with a power range of between 9.5 and 13.5 W. The strength and 
density of a krier %intered part increases with increasing laser 
power and/or decreasing scan speed [ 181. Hence. the compres- 
sion strength and their respective densities was obtained and the 
results used to generate Fig. 9. from which the constants Ka. 
and m are determined to he 70,11 MPa and 2.35. respectiMy. K 
can therefore be calculated to tv: 
K= 
70.11 
= 1.4 50 
The exponential factor m falk just short of the range 3-6 
as predictod by powder rnetallurgy in Eq. (21 This %ugpe-A% 
that %inall incrernent% in density yield% little impmi%, cmcnt-- in 
strength [ 18 1. 
3.2. CoMpafijron het,,, een finite element model and 
expetimental resulti 
The 100% den%e modelling rc%ult% in Fig. 10 %how% that for 
the 3D model. the compression yield (ay) k-kid for the injection 
moulded Nylon- 12 i% 1587 N at a displacement of 0.46 mm, Thi% 
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Fig. 10. LAW-disoaccriwat curves for injocfion moulded Nykxi--i 2. 
is comparable with results obtained for the compression tested 
injection moulded Nylon- 12 which h. -A a ay load of 15' NN at 
a displacement 0.47nim. From the 3D model curve in Fig. 11, 
which is also at 100% density. the ay load for the laser %intered 
Nylon-I 2 is 1791 N at a displacement of 0.57 mm. while from 
the laser r-intered experimental data. the ay load is 1764 N at a 
displacement of 0.53 mm. 
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Fig. 11. Lo"splacement ciu-ves for lawr sintered Nylon-[-'. 
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strain elements. 
In Fig%. 10 and 11. the experimental load-Ai%placenient 
curves are similar and show a shallow raml-, -up at low load%. 
although this i% %lighdy more prominent in the latter. This i% 
po%sibly due to the molecular coiling action or initial molecular 
comprz,; sion at low load%. In a"tion to this. me-o-scale com- 
pression would occur a% the porc% collapsed in the I&wr %intered 
parts. This action would lead to the Laser sintered part tvinF 
niore compact. which may lead to grever resistance to load and 
overall material strength. Fig. 12 show% the strc-; s distribution 
observed in a model without geometric poro%ity. 17his indicates 
stress concentrations at thecorne" of the part under coniprc%-. i%, c 
load. 
The modekhown in Fig. 4 was used with injection nuouldirif 
material parameter% a% an alternative method. including S%xiniet. 
rical reprew. ritationof the testsample. to replicate laser sintered 
compre%sion test parts under compre%save kvd. Fig, 13 %htyw% 
that the slopesof the FELurve% am similarto that of the measured 
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Fig. 14. Material yield due to porosity in injection moulded corapressAv 2D 
mode I with p lai n strui ne lements. 
laser sintered curve, however none of the FE ioad-displacement 
curves accurately replicates the laser sintered material data curve 
with respect to the onset of yield or maximum stress. The 
FE modelling curves all reach the yield load sooner than the 
measured laser %intered material data curve. This suggests that 
the approach taken with the geometric porosity repre%ented as 
shown in Fig. 4 is inappropriate for predicting yield and failure. 
Fig. 14 shows that the highest stresses observed in the model with 
geometric representation of porosity. occur around the pore%. It 
is possible that a more faithful geometric representation of Feo- 
metric porosity (similar to that shown in Fig. 1) may allow for 
more accurate modelling. Alternatively approaches such w% the 
Gurson damage model. used to predict void growth in mate- 
rial% (in this case void closure). may allow for more accurate 
replication of the response of laser sintered pails under load. 
4. Conclusion 
Compression tests to assess the difference%- between injection 
moulded and la-. er %intered Nylon- 12 has shown difference% in it% 
mechanical properties. The modulus of the laver sintered Nylon- 
12 is 10% less than that of the iqjection moulded Nylon-12 
modulus, consistent with Eq. (1). This difference is a% a result of 
the porosity within the laser sintered pail. Ski althouSh Eq. (1) 
was developed for powder metallurgy. it appear% to be applicable 
to polymer powder%. Despite Eq. (2) indicating that the strength 
U Aom er W. / MatenWis Scwwv md Esilkwring A 428 (2006 1 . 111-216 
of the laser %interod Nylon- 12 should be less than its injWion 
inouLded counterpart (due to the presence of pores). this does 
not appear to b,, - the caww. The laser sintered Nylon- 12 has a 
higher wength value than the injection moulded Nylon- 12. TW,; 
is due to the %u perior toughness shown boy the injection mou Ided 
Nylon- 12 which absorbs more cneryy. 
All of the FE model% indicated a reask-inable responw in 
terms of co.. 'impres%ivc modulus expect for the early stages of di%- 
placement where the model a%%ume%a linear response. Rc%ult% 
from FE modelling indicate that a 3D model I%-%t replicate% the 
compre%sion -Arength tesits which were conducted. Although the 
plane %tress 2D models were better -witcd to the 2D analysis. 
By creating geometric 1xviosity within the injection moulded FIE 
model failed to accurately replicate the yield and failure of a 
laser %intered Nylon- 12 material. T'hi% howeversh-owed thitt the 
initial failure within a laser sintered component would probably 
%; tart from a porc and that pore wsv. shape and di-itribution may 
tv critical to ensuring accurate mcKlelling of compression. 
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Abstract: A study Investigatingthe effects of part-buildoriciitadonlji the laser shiterIngprocess 
Is presented. Ilie Investigation uses tensile, flexural, and compression testing methods to assess 
the changes In die mechanical properties of laser-sintered nylon- 12 parts. 7lie test parts were 
built In the x. y, and z orientations with the x axis parallel to die direction of the laser 
scanning, the y axis perpendicular to the direction laser of scanning, and the z axis hi tile 
direction of powder lalers. Ilie results from the tests show that die build orientation of the 
parts has an effect on the mechanical properties producedL The tensile tests show a 
maximum difference of 16 per cent and 11.2 per cent In strength and modulus respectively for parts built In the x, y, and z axes. 7lie flexural tests show a 9A per cent and 7 per cent 
maximum difference In strength and modulus respectively for the parts produced In the x, y, 
and z axes. For the' compressive tests, there is a 3A per cent and 13.4 per cent maximum 
difference In strength and modulus respectively for the parts produced hi die x, y, and z axes. 
A statistical analysis of tile results obtained fidglilights the presence of anisotropy In tensile 
and compression parts owing to their build orientation In the laser sintering machine. 17he 
test parts built In the x axis orientation showed the lilgliest strength and modulus values 
while die parts built In die z axis orientation showed poor strength and modulus values. 
However, this Is not the case for the flexural test parts, which, show the highest strength 
and modulus values are from those built In the y axis orientation. Analysis has shown that 
this Is due to the end-of-vector effect, which Is most prominent In the y axis orientation. 7bis 
effect should always be considered during laser shitering, when mechanical Integrity Is vital. 
Keywords: rapid prototyping (RP), laser stntering (LS), rapid manufacturing (R. M), n)ion-12, 
medianical properties 
I INTRODUCTION 
1.1 Background 
Laser sintering (LS) Is a rapid prototyping (HP) tech- 
nology that uses a layer-based system to create 
complex three-dimensional objects. Components 
are built directly from three-dimensional computer- 
aided design (CAD) files that have been converted 
Into a STL file format. A range of materials In powder 
form, such as metals, ceramics, and polymers, are 
available for the IS process I U. The IS process uses 
a COj laser to trace out and selectively sinter a layer 
of the part being produced from powder material, as 
shown hi Fig. 1. 
After a layer Is scanned, a new layer of material is 
added and the process Is repeated; this continues 
tuitil the entire part is completed. Any material 
that Is not sintered (loose powder) In and around 
the required component acts as support for the 
component. This Is simply 'brushed off' when the 
part is completed and can be reused If necessary, 
as long as the correct ratio of virgin powder to 
used powder mix is achieved. I'liere are, however, 
some thermal processing Issues that should be 
*Cwresponding author. - Rapid Manufacturing Research 
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Fig. I laser sintering process 2* 
addressed before using 'recycled' powder. In order 
to improve the finish on laser-sintered parts, 
post -processing techniques such as bead-blasting, 
sanding. and painting are employed. The advan- 
tageg and disadv-antages of the IJS process have 
been discussed in detail by Grimin 131. 
1.2 The sintering process 
17he sintering of polymers is defined as the formation 
of a homogeneous melt from the bonding of parti- 
cles. 11iLs is considered a double-stage mechanism, 
involving powder sintering and pore removal 141. 
11iis is also referred to as tile growth of 'necks' and 
the equilibration of material properties within those 
necks 15). Aie characteristic time for shape relaxa- 
tion is governed by the competition between surface 
tension (surface area reduction) and viscous dissipa- 
tion 161. Surface tension is the driving force for sin- 
tering while the viscous forces must be overcome in 
order to allow powder coalescence or sintering. 
Ceramics. metals. and polymers all exhibit different 
sintering propertiesý In the IJS of semicrystalline polý, - 
mers, sintering occurs after (lie laser partly nielts 
the powder and causes viscous flow to occur 13,71. 
Viscous sintering was first explored by Frenkel 
181 who put forward a theory which states that 
die energy dissipated during the viscous flow is 
equal to the energy gained by tile reduction in die 
surface area. Frenkel used an equation to describe 
the neck growth in a two-particle system. as shown 
in Fig 2 
2 3(yr 
2 rTI, 
From equation (1), x- radius of the neck, 
r- radius of the sphere, a- surface tension of the 
material, tý time needed for sintering, and 
T)a = melting viscosity. 
Fig. 2 I-renkel sintering modei 
Scherer 19,101 took Frenkel's idea further by 
developing a model that described file sinterini; 
heha%iour of a viscous glass preform. Scherer 
assumed that the surface energy reduction of tile 
sintering powder drives the process through viscous 
mass flow dissipation. Scherer suggested that the 
glass powder consisted of an open-pore network of 
cylinders arranged cubically with tile cylinder dia- 
meters equal to the parficle diameter and the cylin- 
der lengths proportional to the pore diameter in the 
low density range (A <, 0.94). Scherer used a free 
strain terni (e) to describe the densification rate 
for viscous sintering using equations (2) and (3) 
below 
13 
ae M L. 3T) 2 -- 3cx whens iý. 0.94 (2) Or 17.6 1 x(I Cx), 
ae M (4w) I)VI when A>0.94 (3) 
Or 2% 3 
where M- (alr)(314w) 
Ij3 
, constant c= 
8vý2/3w, 
i% ý viscosity, A- relative density 
defined as the 
ratio of the part density to the material theoretical 
density, a- surface tension, r- particle initial 
radius, and x is defined as die ratio of the cylinder 
structure to the length of the cylinder. 
'17he porosity, zý (1 -. 1) can be related to the 
free 
strain e by 
II (I - E. )exp(- 3e) when A<0.94 
(4) 
A -- I 3VX2 j 8ý/ý whenA - 0.94 (5) 
whm c,, - initial porosity when I- 0- 
Another sintering model was developed by Sun 
et al. II 11. 'I'lie model describes file stages which a 
spherical particle undergoes cluring the LS process 
(see Fig. 3). Each spherical particle of initial radius 
a, is contained within a cube of side length It. 
During sintering, the cube dimension of 2x 
decreases while the sphere radius r increases to 
maintain constancy of volullie. 
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Fig. 3 The unit cell and densification process of a cubic 
pack structure 1111 
A separation of the pore occurs when r =, ý42-x 
(when x=0.815a). During this period, the sintering 
rate t Is given by 
Va2 Xr- (I - Ox ++ 
9(je - rj) r] 
[X 
- 
(C 
B-rx --I Zr2 f 
(6) 
where C Is a number between 0 and I associated 
with the probability of formation of sintering necks 
between particles and is also a function of the 
relative density. For small values of r less than 0.3. 
the parameter is proportional to the relative density 
according to C ; zý (2p- 1)/3. 
13 Pre%iously reported work on the 
propertles or LS parts 
Although the LS process has been developed as an 
RP technology, It can be applied to other areas 
such as rapid tooling (RI) and rapid manufacturing 
(p, M) 112-14). With more manufacturers using the 
LS process for RM, It is vital that designers under- 
stand the properties of the materials that are being 
used. Much work has been focused an determining 
the most appropriate parameters for the IS process. 
Gibson and Shl 1151 were able to show how the fab- 
rication parameters of the IS process Influenced 
the material properties of LS parm 71ils was 
achieved by carrying out experiments measuring 
the tensile strength and density of specimens that 
had been built In different orientations with diff- 
erent fabrication parameters. Zarringlialarn and 
Hopkinson 1161 showed that post-processing In the 
form of heat treatment can also Improve the tensile 
and Impact strengths of IS parts made from nylon- 
12. flo, Gibson, and Meung 1171 conducted experi- 
ments showing the effects of the energy density 
(ED) of a laser beam on polycarbonate powder. At 
low ED levels the density and tensile strength of spe- 
dmens increased with increasing ED. Although at 
ED levels above O. D9jmm-', degradation of the poly- 
carbonate pow-der occuff ed and there was a rcduc- 
dort hi density and tensile strength. Tontowl and 
CJiilds 1181 showed that the powder-bed tempera- 
ture affects the density or sintered parts. By keeping 
die ED constant, the powder-bed temperature was 
,. wledL At a high temperature of 1820C, IDO per cent 
density was achieved. but at a lower temperature of 
178*Cý the density reduced by 4 per cent. 
1.4 Antsotropy In IS-produced parts 
Anisotropy affects the quality of all IS-produccd 
parts. Cjbson and Slil 1151 lia%v Investigated aniso- 
tropy In polymer parts made via the IS process. Ten- 
sile bars were built In a variety of orientations using 
3D System's 11ne nylon' material on a commercial 
Sinterstation 2000 machine, and measured the 
parts built In the z orientation as having the worst 
tensile strength because the applied force was In 
the layer direction. The parts built In the x orienta- 
tion showed a slightly higher average tensile strength 
value when compared with those bulk In the y 
orientation because of a larger cross-sectional area. 
Although these results show anisotropy, the para- 
meters used were different from the standard set 
because even die In-plane strength (x orientation) 
was below half the manufacturer's specification for 
this material. 
2 THE TI [CORY BEHIND RESULTS OBTAINED 
FROM PREVIOUS WORK 
2.1 The IS pmcess sequence and medianical 
properties 
Previously discussed work an die sintering process 
In section 1.2 highlighted die role of temperature 
during die sintcring process. Frenkel demonstrated 
this using equation (1), where higher temperatures 
lead to an Increased necking radius between sint. 
ered particles 181. Increasing the necking radius 
encourages greater bonding between the particlics 
and reduces pores. Scherer 19,101 demonstrated 
this prindple by showing that greater temperatures 
hiaeased density by reducing pore diameter, while 
Sun et aL 1111 showed that varying the temperature 
has a significant effect on the degree of porosity. 
Iliese findings would suggest that the results 
obtained from previously conducted work on IS dis. 
cussed in section 1.3 may be owing to the degree of 
bonding between particles and the subsequent 
bonding between layers. 
During the LS process, the Infrared laser sinters 
components layer by layer. As the laser scans 
a vector on a layer. the melted polynier powder 
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Fig. 4 Cross-section of particle-particle bonding lnxý y. and z axes (D. >4>D. ) 
particles bond together with a neck diameter D, - 
I'lils Is a part Icle-part Iclee bonding mediatilsm, as 
illustrated In Fig. 4(a). The laser then switches off 
and an Increment occurs In they axis mirror to allow 
the laser to scan the next vector. The bonding bet- 
ween particles along the x axis Is much the same as 
with the previous vector shown In Fig. 4(a); however, 
particles in the pre0ous vector will haiv cooled so 
that bonding between particles between %ectors (in 
the y axis) will be less than that In die x axis (see 
Fig 4(b)) with a smaller necking diameter D, Wien 
a layer has been completely sintered, a new layer of 
powder Is applied and the particles In the previous 
layer will have cooled to such an extent that bonding 
between particles In different layers Is less than that 
between particles In different vectors (see Fig. 4(c)) 
with an even smaller neck diameter, D, 
In LS the laser scans across the whole two- 
dimensional area. which consists of parts being built. 
Tie larger the two-dimensional scan area, the grea- 
ter die time taken for the laser to restart scanning on 
a subsequent layer. As previously stated, when shite- 
ring large cross-sectional profiles, this can result In 
too much cool down, minimizing sintering between 
the layers. This leads to lower mechanical properties 
owing to the poor bonding between layers. 
Z2 The end-of-vector effect 
All components built on an IS machine are affected 
by what Is known as the end-of-vector (EONJ effect. 
7lie EOV effect occurs owing to the degree of laser 
beam exposure at the start of a sinter scan on a 
parL A schematic of a laser exposure graph is shown 
In Fig. 5. 
Figure 5 shows that as the laser begins to scan a 
line of powder, there Is always an Initial burst of 
energy, which stabilizes after a few mdliseconds. At 
the end of each scan, the laser stops, the y mirror 
moves and the process Is repeated, By taking Fig. 5 
and superimposing It on a cross-section of a part, 
the EOV effect Is better Illustrated (see Fig. G. )., 
The short bursts of energy at the edges result In 
components being much denser at the edges than 
Loser 
Power 
(W) 
Tinv(s) 
Fig. 5 Schematic diagram of laser exposure 
Part 
Y Scan n. 
L 
Scan n+2 
Scan n+4 
Y Scan n+I 
Y Scan n+3 
yIV1 lyscann+3 
EOV effect at edges of 
x part 
Fig. 6 EOV effect an a thin wall put 
at the centres, thus ImproAng the mechanical prop- 
erties In thin sectionswhere thex dimension Is small. 
Although the EOV effect always occurs. It Is most 
prominent In parts that have small dimensions 
and are placed against the direction or laser scan- 
ning Re. perpendicular to the x axis In (lie Vanguard 
SIS machine). It should also be noted that this 
phenomenon only occurs at the start of each vector 
and notý as the name suggests, at the end of each 
vector. 
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Table I Sintering process parameters 
Laser power llw 
Outline Imer power 5w 
Lairr spot diameter 0.46mm 
Laser %can spating 0.15mm 
Laý, cr thickness 0.1 nim 
LAser scan speed 5 OW ni ni/ % 
Laier scan strategy x direction ody 
Partide size 58 tLni 
'remperatum of simering nx)m 23 'C 
Z Axis 
Y Axis 
X Axis 
F*. 7 Budd orientation of te%t pams 
This investiRation looks at what effect die build 
orientation and LOV effect has on (lie mechanical 
properties of an LS part. For this study, a nylon-12 
polymer material commercially luiown as Duraform 
13A was used. Duraforin PA is currentiv one of the 
most commonly used nia(erials in LS. 
3 METHOIX)LOGY 
3.1 Equipment used 
All test specimens were built oil a 3D Svsicllls 
Vanguard Sl Laser sintering machine using virgin 
powder. The process parameters used were the 
standard manufacturer's specification, which was 
kept the same for all test parts. These are shown in 
Table 1. 
Although there is currently a laser scan strategy for 
xy scanning, this paper investigates die degree of 
anisotropy when using x scanning ordy and whether 
investment in upgrades is of any value. A Zwick Uni- 
versal testing machine with a lOkN load cell was 
used to conduct the mechanical property tests. All 
tests were conducted in a temperature and humidity 
controlled room, which was set at 200C and 
40 per cent relative humidity. 
3.2 Test specimens 
Figure 7 shows t lie x, 
- 
y, and z axis Wild orientations 
of the IS tensile test parts used for this researchAbe 
same orientations were used for the flexural and 
compression test parts. The orientation of the test 
parts was chosen to assess die variations in inechan- 
ical properties between the x, y, and z directions and 
therehy understand the degree of anisotropy inher- 
ent in the process. By placing the test parts on their 
narrow side' for the v and z build orientation, tile 
LOV effect will be more prominent within the LS 
test parts. A total of 15 test samples were buill for 
each test with five samples in each orientationAbe 
tensile, flexural, and compression tests were 
adherent to the ISO standards 119-211 and were 
conducted to observe what effect the sample 
orientation had on the test results. A test speed of 
I nim/min was used to determine the tensile 
modulus (EI-) after which the rate was increased to 
5 ninihnin to measure the ultimate tensile strength 
UYS), along with elongation at break (r). The flex- 
mal test speed rate was also I ninihnin for the flex- 
ural modulus (EI. ) while the rate was increased to 
. 5nim/min todetermine its ultimate 
flexural strength 
(IJFS). For the compression test-, a test rate of 
I ninihnin was used to determine the compressive 
modulus (hý) while a test rate of 5ninilmin was 
used for the determination of the compressive 
strength (a, ). 
Based on the build orientation in Fig. 7, the total 
two-dimensional scanned cross- sectional area for 
each test part was determined in order to estal-Aish 
whether the size of the area scanned would affect 
die mechanical properties obtained. These, were 
derived from the suni total of the cross- sectional 
area of the test parts in the x, y, and z axes. The (en- 
sile, flexural. compression modulus. and compres- 
sion strength parts respectively showed a1 per cent, 
0.9 per cent, 0.6 per cen I, and 0.1 per cent total two- 
dimensional scanned cross-sectional area. Based 
on the discussion in section 2.1. these were 
deenied insufficient adversely to affect mechanical 
properties. 
4 RMILTS 
'17he results of (fie mechanical properties investigated 
are shown hi Table 2. '17his show-, average results 
from 15 test parts huilt in each orientation (five ten- 
sile, five flexural, and five compremion). 
4.1 Tensile properties 
Figul-es 8 to Io silo%,, tile UTS, F. I.. wid r results 
Obtaftled. agaitist thch- buiid oriemations. Ibc 
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I*able 2 Pmperries of test parts in different build 
orientatiorms 
Mechanical 
pruperty 
I axis y axis. z axis Maximum 
difference M 
Temsue 
UTS (Mpa) 
Ave. 48.7 44.7 40.9 16.0 
Max. 50.4 47.9 42 
Min. 46.9 38.5 : N. 9 
E-1. (MPa) 
Ave. 2047.1 1944.1 18171 11.2 
Max. 2(PO-6 20D411 1830.2 
Mill. 2014.3 1803A 1806.9 
r(%) 
Ave. 9D 8j) IL4 11.1 
Max. 10.8 8.7 R. 6 
Min. 8.0 7.3 110 
I-lexural 
tip's (MP&) 
Ave. 60.3 63.7 57.7 9.4 
Max. 67.4 6&2 5H. 8 
Mill. 45.1 60.6 % 
EF (Mpa) 
A, 6v. 1104.5 11332 1053.7 7.0 
Max. 1225.34 1181.8 1079.2 
Min. 1157.2 1 ODIA A 1024.9 
CA)mpresskin 
(Mpa) 
Am 54.13 53.27 V. 26 3.4 
Max. 55.82 5, L95 Wig 
Min. 5265 51.09 *1.93 
(Mpa) 
Ave. 741 702 641 1: 1.4 
Max. 751 711 649 
Min. 703 687 608 
100 
80 
UTS 60 
(MPO) 40 
20 
0 
XAxis Y Axis ZAxis 
Build OFientation 
Fig. 8 IJTS vemus build orientation 
tensile test parts which were built in the x axis orien- 
tation produced the highest ITI'S and E. r values, 
while the lowest values were obtained from parts 
built in the z axis orientation. The trend continues 
with the r values, which also show that die best ten- 
sile test parts are those built in the x axis orientation, 
although the lowest r. values come from those pro- 
duced in the y axis orientation. 
From Table 2. (lie ITI'S values are heaAly influ- 
enced by the build orientation of the tensile test 
parts, with a maximum difference of 16 per cent. 
The Er and -. values are not so strongly affected by 
2500 
2000 
Tensile 1600 
Mbdulus 
(Mpa) 1000 
Soo 
0 
X Aids Y Am Z Am 
13 td Id Orlentabon 
Fig 9 '1 ensile modulus ver%us build orientation 
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at 
br*W%) 5 
0 
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Build Ortuftatbon 
1: 1g. 10 lAongation at break versus build orientation 
100 
80 
UFS 60 
(Mpo) 40 
20 
0 
X Axis Y Axis Z Axis 
Buld Oriommion 
1.1g. 11 UPS vermis build orientation 
the build direction, with only 11.2 per cent and 
11.1 per cent respectively, depending on the build 
orientation of the test part. 
42 Flexural properties 
Pints of the IJPS and Eý values against their build 
orientations are shown in Figs II and 12. Ilic flex- 
ural test results sliow that the flexural test parts built 
in the y axis orientation produced the highest UFS 
and Ej. values, while the flexural test parts built ill 
the z axis orientation showed the lowest IJFS and 
El, values. 
From Table 2, the UFS values are dependent on 
the build orientation of the flexural test part. % with 
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Fig. 12 Flexural modulus versus build orientation 
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a difference of 9.4 per cent. With 7 per cent, I. -*,. values 
are not as dependent on the build orientation of the 
test parts. 
43 Compressive properties 
The Compression tests results are presented hi 
Figs 13 and 14. 'I'liese show graphs of the a, and k: 
values obtained respectively, ag3in-st their build 
orientations. 'I'lie compression test parts built in 
(lie x axis orientation show die highest a, and 4: 
values, while the test parts built in the z axis orienta- 
tion show the lowest a, and hý: values. 
65 
61 
4) 57 
63 
& 49 
45 
Box-and-Whisker Plot 
.. jr. 
Streroh X Strength Y Strength Z 
Mg. 15 'Box and whiskee plot of flexural strength 
From Table 2. the a,: values show little influence 
from die build orientation of the compressive test 
parts, with a maximum difference of 3.4 per cent, 
while the /. -ý: values are more dependent on the build 
orientation with a 13.4 per cent maxinium difference. 
4.4 Statistical atialysis 
Using the results shown in Table 2, a multisample 
statistical analysis was conducted with the software, 
Staigraphics. Comparisons were made between the 
build orientations (x-y, x-z and ý-z), within each 
test type and die confidence level was set to 
99.9 per cent. Ilie statistical ajWysis showed die 
following. 
1. In the majority of cases, different sets of, 
results did not belong to different distrihutions 
indicating broadly isotropic behaviour. This is 
due to the overlap of some of die ranges within 
the results. An example of this can be seen in 
Fig. 11. where the range of the x axis result engulfs 
the ranges of the y and zz axes. A typical 'box and 
whisker' plot (Fig. 15) obtained from the statisti- 
cal analysis confirms isotropy due to an overlap 
of the ranges. 
2. Anisotropy (i. e. results that come from diffei-ent 
distributions) was only observed when comparing 
z results with either x or y results. 'Mis was 
observed in Fig. 9 (for example), where the range 
of its x axis does not overlap with its z axis 
rajige. A'I)ox and whisker'plot from the statistical 
analysis (Fig. 16) showed that there is a significant 
difference between both sets of 
data. to confirm 
the presence of anisotropy. '17his would be 
expected in some layer manufactured parts. A 
full fist of the orientations that showed distinct 
anisotropy aniong the test parts following die sta- 
tistical analysis can be seen ijiTable 3. 
3. In all cases, the x axis results were shown to come 
from the same distribution as the y axis results. 
'Ibis is a little surprising. givrn the sequence 
of sintering ushig x direction scanning only; 
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Ta bIe3 Anisotropy within test parts 
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propeny significant 
Aniuntrisi 
'I ensile Strengthx--atrength z Yes 
Modulus X-modulus 2 Yes 
C, ompression Modulus x-modulus; z Yes 
Modulus )-nxx]Lgus z Yes 
howem, all y axis results were obtained frojil 
parts that are susceptible to die LOV effect that 
results in higher (i. e. closer to x axis) mechanical 
properties. 
5 DISCUSSION 
5.1 Tensile and compression tests resul(s 
From the results obtained, t' he tensile and compres- 
sion test parts built in the x axis orientation pro- 
duced the highest results. '17his is due to the strong 
particle-particle bonding that occurs in the x axis, 
and the direction of load applied. When a load was 
applied to a test part built in the x axis, it was parallel 
to the bonding that occurred during shitering within 
the part (i. e. layer-layer bonding). As a result of a 
greater degree of sintcring occurring in the x axis 
and the direction of loading, better mechanical 
properties are obtained. For test parts built in the 
y and z axes, the load was applied perpendicular to 
the layer-layer bonding. 'llie direction of loading, 
along with a smaller degree of sintering in the y and 
z axes, resulted in poorer mechanical properties 
behig obtained. 
5.2 Flexural tests results 
The flexural tests show that the highest results 
obtained came from (lie test parts built in the y axis 
10 X111M 
Susceptible 
to EOV 
yI Y2 
nZ2 
1 
10 XI11.0 I Ornm 8mm 
Fig. 17 '1 opview of Rexural test piece% in they and z axes 
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40 
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Yl Y2 zi Z2 
Ekjild Orientegon 
11g. 18 P. ()V effect on the IJI-S of flexural tr%t parm 
orientation. -rhe flexural test is tile only olle ill 
which the loading is applied perpendicularly. Ill 
this study, die resultant mechanical properties 
obtained from flexural test pails built ill [fie y axis 
orientation are attributed to tile EOV effect. To 
demonstrate this. five flexural test parts were built 
in each of two orientations along tile y and z planes. 
For easy identification, tile flexural test parts with a 
10 inin width were labelled Y1 and Z1 respectivelý,, 
while the flexural test parts with all 8min width 
were labelled Y2 and Z2 respectively. '11his is shown 
ill Fig. 17. 
It was anticipated that (fie flexural parts with a 
smaller x dinimsion of 8nim M and 12) would 
exhibit higher mechanical properties that those 
with the larger x dimension of 10 nini Al and ZI). 
The results obtained are shown ill Figs 18 and 19 
and they show that, as anticipated, owing to smaller 
widths, die LOV effect is more prominent ill test 
parts built hi the Y2 and 12 orientationsAbey have 
higher strength all d modulus values when compared 
with the Yl and ZI parts respectively. 
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Fig 19 EOV effect on the flexural modulus of flexural 
te-s. t parts 
5.3 Repeatability In the z axis 
The test parts built in the z axis orientation show the 
most consistency across all types of test performed, 
in spite of die fact that Z generally resulted in the 
lowest average values. This is an interesting and 
somewhat surprising result. However, it may be 
due to the fact that the application of each new layer 
of powder, with a nominal temperature of 110'C. 
from the powder feed bed has a repeatable cooling 
effect on die underlying fused polymer. This cooling 
effect will be detrimental to bonding between layers. 
but it is more repeatable than bonding between 
adjacent particles within a layer that are subject to 
variations from issues such as end-of-vector, as 
described above. 
5A Anisotropy 
As a result of building the test parts in three different 
orientations with a laser bearn that sinters in only 
the x axis direction, LS nyloij- 12 parts show a varying 
degree of anisotropic material property behaviour. 
Plastics that are extruded, injection-moulded. or 
rolled tend to develop an orientation in the proces- 
silig flow owing to molecular chain alignment. As a 
result, they develop different properties in the 
machine and trangverse directions 1221. Although 
LS parts exhibit similar anisotropy, this is not as a 
result of molecular alignment but as a result of the 
varying strengths and weaknesses within the part 
that arise due to the variable temperature changes 
during the process. The test results inTablee 2 show 
that building parts in different orientations will 
affect its mechanical properties. The tensile and 
compressive test parts built in the x axis orientation 
show the highest results, while the parts built in the 
z axis orientation show the poorest results. This is 
in agreement with the results obtained by Gibson 
and Shi 1151 who obtained the best tensile strength 
results from test parts built in the x axis orientation. 
Statistically, anisotropy was observed between x 
and z results for modulus and strength (tensile 
tests only), as would be expected for a layer manu- 
facturing process. Owing to the low height of the x 
and y part-, they spend more time after sintering is 
complete in the hot-build lied than the z parts. This 
could allow thern to conthme solid-state sintering 
after laser- (liquid -state) sintering. Consequently, x 
and y parts have better properties and more similar 
properties to each other than thez partsAbe flexural 
test parts also show anisotropy, with the best results 
coming from the tc-o part%- buill in the y axis orienta- 
tion (attributed to LOV effect) and the poorest 
results coming from parts built in the z axis oriema- 
tion. This shows how vital it is to consider what 
mechanical properties are most important before 
building 11% nylon-12 parts that will serve as an 
end-use produci. 
6 CONCLUSION 
The experftnental results show evidence of aniso- 
tropy in I-S-produced parts. '17his behaviour occurs 
due to the build orientation of the components and 
different temperature changes which occur within 
the parts, during the LS process. Tensile and coni- 
pression test results sihow that the parts built in the 
x axis orientation produced the highest mechanical 
properties, while those built in (lie z axis orientation 
produced the least mechanical property values for 
I-S nylon-12. Ilie results obtained from parts 
built in the z axis orientation were due to weak 
layer-layer bonding. ']'his offered little resistance to 
the load applied, which was perpendicular to the 
layer-layer bonding. This is in contrast with the test 
parts built in the x axis orientation, where the load- 
big was applied parallel to the layer-layer bonding. 
Statistical analysis revealed anisotropy in some 
histances when the x and y orientated parts were 
each compared to the z orientated parts, but the 
comparison between the x and y orientated parts 
sihowed isotropy with respect to each other in 
all cases. 
The flexural test results showed a differem trend 
Mthough the test parts built in thez axis orientation 
showed the least mechanical property values. the 
parts built in the y axis orientation showed the high- 
est mechanical property valuesAlils is as a result of 
the EOV effect, which causes greater sintering and 
increased densification in flexural parts built in the 
y axis orientation. 
'Mig work has shown that the orientation of a part 
in a 31) Systems Vanguard Sl laser sintering mac- 
hine is the primary factor affecting its mechanical 
properties and the EOV effect is die secondary factor 
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that Is more prominent In parts wid, i small x 
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APPENDIX 
Notatton 
4 Young's modulus from compression test 00a) Eiv 'Young's modulus from flexural test (MPa) ET Young's modulus from tensile test (MI13) Uý'S ultimate flexural strength (Mla) UTS ultimate tensilee strengdi (Mlia) 
C dongation at break M) 
(rc compressive straigth (MPa) 
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